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The Passivity of Metals, and Its Relation to Problems of 

Corrosion 

By Ulick R, Evans.* Cambridge, England 
(I nstitute of Metals Division Lecture, f 1929) 

I SHOULD like to commence by saying how much I appreciate the 
honor which the American Institute of Mining and Metallurgical Engi- 
neers has done me in inviting me to visit your country, and to deliver 
this lecture before you. In choosing a subject, and in deciding what to 
include and what to omit, I have endeavored to discuss as far as possible 
work carried out recently in Europe with which you may not be unduly 
familiar. It would be poor return for your hospitality, and a mistaken 
sort of compliment indeed, if I were to load the lecture with accounts of 
researches carried out in your own country — ^researches with which you 
are probably better acquainted than I. Not that I have in any way 
excluded work done on this side of the Atlantic from my survey; one 
would indeed find it difldcult to write on this, or on any other branch of 
science, without mentioning American work. But I have endeavored 
as far as possible to concentrate on aspects of the case which will, I 
hope, be comparatively fresh to you, and I feel fairly certain that this 
will be in accordance with your own wishes. 

Films Produced at Elevated Temperatures 

If a strip of iron is heated strongly at one end, the other end remaining 
cold, there is produced over the heated portion a layer of oxide scale, the 
thickness of which diminishes steadily with the distance from the hot 
end. Somewhere in the middle of the strip, the thickness of the oxidized 
layer will become comparable to the wave length of light, and over this 
region the thin films give rise to a series of beautiful interference tints, 
commonly known as “temper colors.” The colors are caused by the 
fact that two trains of light waves are reflected respectively from the 
outer and inner surfaces of the oxide film, and the possibility arises that 
the “crests” of one series of waves may coincide with the “troughs” of 
the other, thus diminishing the intensity of the light of some particular 
wave length. The state of affairs in this part of the strip is shown 
diagrammatically in Fig. 1, in which the film thickness is enormously 
exaggerated, of course, in comparison with the length of the strip; the 

* Cambridge University. 

t New York Meeting, February, 1929. 
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values for the thickness of the film are based on recent determinations 
carried out by Constable^ at Cambridge University. 

At a thickness^ of about 720 1 , the relatively long yellow waves 
suffer interference in the manner, indicated, and the resultant light has 
a blue color, blue being complementary to yellow. A little further 
from the hot end, where the thickness is only about 580 A, the rather 
shorter green waves are subdued, and the metal has a brown-red appear- 
ance; still further along the strip, at a thickness of about 460 A, the 
short blue rays are extinguished, and ^the metal has a straw-yellow 
color. Below a thickness of about 400 A, no colors are produced, since 
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Fig. 1. 



Fig. 2. 

Figs. 1 and 2. — Diagrams of varying conditions in iron strips. 

films thinner than this value could only produce interference of wave 
lengths too short to affect our eyes. Beyond the straw-yellow region, 
therefore, the iron appears silvery gray, and unchanged (Fig. 1). Never- 
theless it seems logical to suppose that the film actually continues 
further, becoming thinner and thinner as the cold end is approached. 
A film of transparent matter too thin to produce interference tints would 
not necessarily be visible, so long as it is in optical contact with the bright 
metal; it should, however, become visible, if separated from the highly 
reflecting basis. There are some people who will never believe in the 
existence of anything which is not visible to the eye; these people, no 
doubt, would prefer to consider that the film suddenly terminates at 
just that thickness below which our eyes cease to be competent to follow 
it, an idea graphically represented in Fig. 2. Such a coincidence would 
appear unlikely; it seems much more probable that the film continues 

1 F. H. Constable: Spectrophometiic Observations on the Growth of Oxide Films 
on Iron, Nickel, and Copper. Froc. Roy. Soc. (1928) 117A, 376. 

2 A is equal to 10“® cm. 
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below the thickness of 400 A, as suggested in Fig. 1, although at these 
lower thicknesses it is invisible.. 

Strong support of the idea of the invisible film is obtained if different 
parts of the strip are tested with drops of copper nitrate solution. ^ As 
is well known, copper nitrate solution acts on freshly abraded iron, giving 
metallic copper and iron nitrate. If a strip of pure electrolytic iron, 
freshly abraded, is heated at one end in the manner described, and if, 
after the whole has cooled down, drops of dilute copper nitrate solution 
are placed at the unheated end, metallic copper is quickly and copiously 
deposited. If, however, drops of the solution are placed at other points 
further along the strip, it will be found that the deposition of copper 
becomes slower and less copious, as the distance from the cold end 
increases. Before the tinted region is reached, a place is found where 
the drops produce no deposition of metallic copper at all; although at 
this place the iron is not visibly distinguishable from that at the cold 
end, yet its behavior towards copper nitrate is utterly different. It is 
interesting to note that soon after the visible region is entered, deposition 
of copper recommences, but it occurs at scattered points evidently 
representing cracks in the film. 

The conclusion is almost irresistible. The oxide film is capable of 
protecting the iron from the attack of copper nitrate, provided that it is 
continuous and uncracked. Thick protective layers are especially liable 
to cracking, as is well known (thickly galvanized iron, for instance, is 
more likely to develop fissures in the zinc coat than thinly galvanized 
iron). Therefore it is not surprising to find that the thick visible scale 
shows deposition of copper locally; sometimes the cracks which permit 
it can actually be seen under the microscope. In the invisible region,^' 
the film is thinner, less likely to crack, and consequently more perfectly 
protective. Still nearer the unheated end, however, the film becomes 
discontinuous, and copper deposition can occur, becoming more rapid 
and more profuse as the cold end is approached. 

Films Produced at Ordinary Temperatures 

The experiment just described proves that a short exposure to air 
at a slightly elevated temperature renders electrolytic iron unaffected by 
copper nitrate, but that a similar short exposure to air at ordinary 
temperatures still permits the iron to deposit copper. The question 
arises, would a long exposure to dry air at ordinary temperatures confer 
immunity? In the case of pure electrolytic iron, it is actually found 
that after long exposure to dry air the power to precipitate copper from 
copper nitrate solution is lost. We may speak of iron which deposits 
copper as being ''active towards copper nitrate'" and that which deposits 
no copper as being "passive towards copper nitrate." The passage 

® U. R. Evans: Oxidation, Passivity and Corrosion. Nature (1926) 118, 51. 
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from the active state to the passive state is a gradual one; the copper is 
deposited more slowly and less profusely as the period of exposure to 
air is increased; finally no copper is deposited at all. The time required 
to produce- passivity varies from a few minutes, in the case of iron abraded 
with very fine emery, to several hours in the case of iron abraded with 
very coarse emery. Apparently the stresses left by grinding keep crack- 
ing the film, but the rents are repaired by fresh oxidation of the metal 
exposed at the fissures, and finally (after a period which depends on the 
violence of the original abrasion) the internal stresses become too much 
exhausted to produce further cracking, and the metal becomes passive. 
Specimens of pure iron rendered passive by exposure to air have been 
kept in M/20 copper nitrate for a year without change. 

It should be noted, however, that metal which is passive towards 
copper nitrate is not necessarily passive to copper chloride or even to 
copper sulfate. Probably chlorine ions can penetrate weak points in 
the armor which the nitrate ions cannot pierce. But this is probably 
not the only factor at work. Copper nitrate is itself a mild oxidizing 
agent, and it seems likely that it can effect repairs to very minor flaws 
in the film, although if considerable discontinuities are present, or 
considerable stresses, copper deposition commences at once, and the 
healing of the film cannot occur. Furthermore, it should be noticed 
that although pure electrolytic iron can be rendered passive to copper 
nitrate merely by dry air, steel cannot with certainty be rendered passive 
in that way. It can, however, be rendered passive in other ways, for 
instance by immersion in potassium chromate solution, although the 
passivity is less persistent than that produced on pure iron, and deposition 
of copper usually occurs sooner or later. It is probable that the bound- 
aries of the iron and carbide particles constitute weak points; there is 
good reason to believe that phase junctions are particularly liable to 
prove vulnerable places in a protective layer. 

There are, of course, many other ways in which iron displays pas- 
sivity. The behavior of iron towards concentrated nitric acid has 
always attracted special interest, largely because of the fascinating 
series of letters which passed between Faraday and Schoenbein on this 
subject about 92 years ago. Dilute nitric acid, as is well known, attacks 
iron with extraordinary rapidity; concentrated nitric acid has normally 
no action, the iron remaining apparently unchanged, so long as it is 
below the surface of the acid; nitric acid of intermediate concentrations 
often causes rhythmic alternation between the active (dissolving) and 
passive (undissolving) states. But nitric acid is not a very satisfactory 
reagent for obtaining passive iron; if a piece of pure iron is dipped into 
concentrated nitric acid, no reaction occurs; but if it is then removed, 
and allowed to drain, violent reaction often commences after a few 
seconds at the margin of the wetted area, and spreads over the whole 



XJLICK R. EVANS 


11 


wetted surface; the fact that the breakdown occurs at the junction of 
three phases (iron, acid and air) should be noticed in passing. 

It has been objected that the passivity of iron towards nitric acid 
cannot be due to an oxide film, since any oxide, it is alleged, would be 
dissolved by the acid. This objection has been entirely disposed of by 
a delightful piece of research carried out at Bedford College, London, by 
Hedges, who showed that — ^in point of fact — ferric oxide (if freshly 
ignited and therefore free from hydroxide) is not dissolved by concen- 
trated nitric acid at ordinary temperatures; on raising the temperature, 
the dissolution first becomes appreciable at just the temperature at 
which metallic iron begins to be attacked by nitric acid of the concen- 
tration in question. This points to the fact that the invisible film 
which normally protects iron from nitric acid is ferric oxide. 

Another method of rendering iron passive depends on anodic treat- 
ment. At low current densities, an iron anode placed in, say, sodium 
sulfate solution dissolves smoothly as ferrous sulfate; if, in the desire to 
increase the rate of attack, the current density is raised, the contrary 
result is obtained, and, after a few minutes, the iron almost ceases to 
dissolve, the current being expended merely on the production of oxygen 
gas; there is, however, still a slow dissolution of iron, and it is interesting 
to note that this occurs, on a half-immersed anode, mainly at the water 
line; once more it is to be observed that breakdown occurs at the place 
where three phases (metal, air and solution) meet. It may also be 
remarked that while low current densities allow the iron anode to dis- 
solve, and high current densities lead, in general, to passivity, inter- 
mediate current densities sometimes permit a rhythmic fluctuation 
between the active and passive conditions.® 

The current density needed to produce passivity on an iron anode 
varies with the nature of the solution. In nitrate solutions where the 
anions have a distinctly oxidizing character, a low current density suffices; 
in chloride solution it is difficult to produce passivity at all — no doubt 
another instance of the power of the. small, mobile chlorine ions to 
penetrate and undermine protective films. In alkaline solutions, where 
the discharge of (OH)' ions would tend to convert the surface layer of 
the metal to insoluble oxide or hydroxide, passivity appears readily; in 
acid solutions, a high current density must be applied before passivity 
sets in. 

4 E. S. Hedges: Jnl. Chem. Soc. (Pt. I, 1928) 969. 

® This periodicity has recently been the subject of detailed investigation by 
E. S. Hedges: Periodic Phenomena at Anodes of Copper and Silver. Jnl. Chem. 
Soc. (Pt. II, 1926) 1533. 

Periodic Phenomena at Anodes of Magnesium, Zinc, Cadmium, Mercury, Tin and 
Lead, and at an Unattackable Anode. Jdem, 2580. 

Periodic Electrochemical Passivity of Iron, Cobalt, Nickel and Aluminium. Idem, 
2878. 
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Here again, the fact that passivity can be produced at all in acid 
solution has caused some investigators to doubt whether the phenomenon 
could be ascribed to an oxide film; surely, it was argued, the acid would 
dissolve away any oxide present? Recent investigations, however, seem 
to suggest that at the moment when passivity actually sets in, the layer 
of liquid next to the metal has ceased to be capable of dissolving iron 
oxide; on the contrary, it is already supersaturated with some solid 
body (sulfate, basic sulfate or hydroxide) which may be seen separating 
out just before passivity sets in. This separation has been noticed by 
Hedges,® and independently by W. J. Muller who (for reasons to be given 
later), is not a supporter of the oxide-film view of passivity. Miiller^ 
has performed at Vienna a number of fruitful researches on the time 
needed to bring about passivity; when a current is applied the anode 
does not at once become passive; passivity only sets in after an interval — 
this interval being short if the current density is very high, and long if it 
is lower. The interval represents the time needed to produce saturation 
of the surface layers of liquid. 

Isolation of the Film 

In my opinion, all the facts quoted can be explained satisfactorily 
only on the view that passivity is due to a protective film, or something oi 
that nature; the film need not always be an oxide, but apparently it 
generally is. But it has long been my opinion that little progress is 
possible without a means of isolating these films from their basis, and 
studying them in detail. It has already been explained that, while a 
thin transparent film may be invisible when in optical contact with a 
brightly reflecting surface, it should become visible if stripped therefrom. 
Several years ago, I began to look about for methods of removing thin 
films from metallic surfaces. Success was first obtained in the case of 
lead,^ where the low melting point of the metal made it possible to lift 
off on to glass the films responsible for the brilliant interference colors 
produced when lead is heated in air. Later,® the analogous stripping of 
oxide films from iron was performed by chemical means; films (of thick- 


®E. S. Hedges: Idem, 2880. 

^ W. J. Muller: tJber die Passivitat der Metalle, Speziell des Eisens. Ztsch. 
Elektrochem. (1924) 30, 401. 

Stromdichte, Spannungskurven und Zeiterscheinungen bei Passivierungvcrschied- 
ener MetaUe. Jhid. (1927) 33, 401. 

Neue Untersuchungen zur Passivitat der Metalle. Ihid, (1928) 34, 571. 
tJber die Stromdichtepotentialkurven passivierbarer Metalle, am Beispiel des 
Eisens dargestellt. Monatshef, f. Chem. (1927) 48 , 65. 

* U. R, Evans: The Colours Due to Thin Films on Metals. Proc. Roy. Soc. (1925) 
107A, 228. 

® U. R. Evans: The Passivity of Metals. Part I. The Isolation of the Protective 
Film. Jnl Chem. Soc. (Pt. I, 1927) 1020. 
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nesses both above and below the “interference-color range ’0 were iso- 
Jated from the iron basis by dissolving away the metal below either 
J^y iodine or by anodic treatment, thus undermining the oxide skin. The 
^ame procedure can be applied to films on copper and aluminum, but it is 
"not specially suited for these metals. The oxide skin on aluminum, 
however, has been isolated by a much more satisfactory method originally 
employed by Withey and Millar, but actually applied to the problem 
under discussion by Sutton and Willstrop,*^^ this method consists in 
heating the specimen in a current of dry hydrogen chloride gas which 
carries off the aluminum as volatile aluminum chloride, leaving behind 
the transparent skin of oxide. The oxide skin has also been removed 
fpyn aluminum by Maass^^ using another method, cathodic treatment; 
under favorable conditions, the hydrogen bubbles can be made to push 
the film away from the metal. 

^ I propose, with your permission, to devote some Httle time to describ- 
ing the removal of thin films from iron by the two methods which I 
worked out in 1926, because it is easier to describe phenomena that one 
has seen with one’s own eyes, rather than phenomena of which one has 
only read in somebody else’s paper. It will perhaps be best to commence 
by describing the isolation of “visible films”; i, e., films of a thickness 
Suited to produce interference tints. A strip of electrolytic iron ground 
with emery may be heated at one end, to give a sequence of colors, as in 
Fig. 1, and then cut into pieces representing the different colors. Let us 
suppose that the piece tinted to the first blue temper color is placed in a 
concentrated solution of iodine in potassium iodide. During immersion, 
the iodine slowly eats away the metal just below the oxide film. After 
about 24 hr., the iodine solution is drawn off and replaced by clean water, 
and the specimen is swirled round; the oxide film then comes peeling off in 
Fragments which curl up into tight rolls (Fig. 3) ; these can be washed by 
repeated decantation, and although they break somewhat during the 
slashing, the pieces finally obtained are large enough to be examined with 
3onvenience under the microscope. 

There is no doubt that the fragments of oxide films represent the 
ariginal surface of the iron in an oxidized condition. Viewed by reflected 
ight, the fragments are lustrous, and might well be taken for metal; the 
surface is corrugated, retaining the grooves and ridges produced by the 

W. H. Withey and H. E. Millar: Determination of Aluminum Oxide in Alumi- 
mm Metal, Jnl. Soc. Chem. Ind. (1926), 45, 170 T. 

11 H. Sutton and J. W. W. Wilitrop: Nature of the Film Produced by Anodic 
Oxidation of Aluminum. Jnl. Inst. Met. (1927), 38, 259. 

i^E. Maass: Die Abhangigkeit der Korrosion sursachen des Aluminiums von 
jeiner physikalischen und chemischen Beschaffenheit. Korr. und Met (1927) 3, 29. 

13 U, R, Evans: Films Responsible for Oxidation Tints on Metals. Nature 
;i927), 120, 584. The Passivity of Metals. — ^Part I. The Isolation ofiihe Protective 
Film. Jrd, Chem. Soc. (1927) 1024. 



14 


THE PASSIVITY OF METALS 


emery grinding upon the original metal; when, however, the system of 
illumination is changed so as to allow of transmitted light, it is found 
that the fragments are transparent; when the film is viewed by trans- 
mitted light, the ^^corrugations’’ are represented by a series of dark lines. 

The oxide film removed in the same way from iron tinted merely to 
a red-brown temper color is essentially similar, but it is thinner and 
therefore more transparent; the oxide film responsible for the straw- 
yellow tint is again thinner and more transparent. The really interesting 
point is reached when the portion of iron strip heated just insufficiently 
to give the yellow tint — the portion which shows passivity — is treated 
with iodine by the same method. It is then found that this portion 
also yields a film, similar to that obtained from the ^Hinted” regions, but 
still thinner, and therefore more transparent by transmitted light and 
considerably less lustrous by reflected light; this film still shows the 
original abrasion marks as a series of dark lines distinctly visible by 
transmitted light; evidently we have here the “invisible” film responsible 
for the passivity, rendered “visible” by removal from the bright basis. 
When the iodine treatment is applied to portions of the strip at the cold 
end — portions which do not cause passivity — no peeling off of films can 
be observed by the naked eye; but careful microscopic study has shown 
that, even here, minute shredlets of oxide skin do peel off; these are 
different in appearance to the continuous skin obtained from the passive 
portion, but clearly represent the beginnings of oxide films which had 
started to form at different points but which had not properly joined 
up to constitute a complete covering over the whole surface. 

This last observation is of great importance. Evidently even active 
iron — supposing that it has been exposed to air — has oxide on its surface. 
The difference between passive and nonpassive iron is that in the former 
case the skin is sufficiently strong and continuous to protect the metal 
below, while in the latter case it is not suflSciently strong and continuous — 
a view long maintained by Haber, This view serves to remove one 
other objection formerly raised against the idea that passivity is due 
to an oxide skin. If it were true that passive iron is covered with a 
film, and that active iron is completely free from a film, there should be 
a measurable difference between the optical properties of the surfaces. 
Many years ago, Muller and Koenigsberger,^® using a very sensitive 

F. Haber and F. Goldschmidt: Der Anodische Angriff des Eisens durch Vaga- 
bundierende Strome in Erdreich und die Passivitat des Eisens. Ztsch, Elektrochem. 
(1906) 12, 64. 

W. J. Muller and J. Koenigsberger; tJber das Reflexionsvermogen von passivem 
Eisen, Phys. Ztsch. (1904) 6, 413. 

Optische und elektrische Messungen an der GrenzschichtMetall-Elektroly t. Ibid. 
(1906) 7, 796. 

tJber das ’Anodische und Kathodische Verhalten von Eisenspiegeln und die Passivi- 
tat des Eisens. Ztsch. Elektrochem. (1907) 13, 659. 
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photometer, compared the reflecting powers of iron in the active and 
passive states, and found that there was — ^in most cases — no measurable 
difference. At the time this was regarded by many as fatal to the oxide- 
film theory of passivity; but if (as is now believed) both active and 
passive forms of iron have oxide present and only differ in regard to the 
state of repair, no appreciable difference in the reflectivity need be 
expected. Actually, the optical question has lately been completely 
cleared up by some particularly beautiful work in Professor Freundlich’s 
laboratory at Berlin.^® Mirrors of pure metallic iron were prepared by 
heating the vapor of iron carbonyl in sealed tubes no air was admitted 
to the tubes, so that the mirrors produced were free from oxide. By 
means of special apparatus, the reflecting properties of these mirrors 
were very accurately measured. Then air or oxygen was admitted, and 
almost immediately there occurred a change in the reflecting properties 
(notably in the phase relations between the two components of the light 
vibrating in and perpendicular to the plane of incidence); the results 
indicate the formation of an oxide film, probably about 10 A thick, and 
since the chemical properties of the iron undergo a change at the same 
instant, it is natural to attribute this change to the formation of the 
oxide film also. 

It has been mentioned that the passivity produced by potassium 
chromate is rather more persistent than that produced by exposure to 
air. A film can readily be isolated from iron rendered passive by long 
immersion in potassium chromate, using the iodine method. Some 
photomicrographs of film fragments thus obtained are shown in Figs. 4 
to 8; unlike Fig. 3, these photographs were all taken by transmitted 
light. The iron was first ground with emery or carborundum, then 
placed in potassium chromate solution, then washed, and the film 
separated by means of iodine, washed, dried, and photographed. The 
dark areas are due to residual metal, or in some cases to grains of abrasive. 
The series of dark lines represent the original corrugation of the metallic 
surface left by the abrasive treatment which was applied to clean the 
surface before the iron was immersed in the potassium chromate solution; 
it will be observed that the flakes have tended in every case to break in 
these same directions, so that the edges are themselves parallel to the 
series of dark lines. Fig. 4 shows the film removed from a piece of iron 
ground by hand with fine emery flour in two directions roughly at right 
angles; two sets of fine lines roughly at right angles will be noted. Fig. 5 
shows at a lower magnification the film obtained from iron ground with 
a somewhat coarser emery, in two directions at right angles; the two sets 

H. Freundlich, G. Patscheke and H. Zocher: tJher die Passivitat von Eisen- 
spiegeln. Ztsch. Phys. Chem, (1927) 128, 321; (1927) 130, 289. 

Discussion: tTber das Verhalten von Nickelanoden. Ztsch. Elektrochem. (1927) 
33, 423. 
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of coarser lines will be noticed, and also the square shape of some of the 
fragments, due to breaking parallel to these directions. Fig. 6 shows 
the film from iron ground with the same emery, but in two directions 
roughtly at 45°; here the two series of dark lines cross roughly at 45°, and 
the fragments often show a wedge-shaped outline. Fig. 7 shows a speci- 
men with the final grinding in one direction only. Finally, Fig. 8 
shows, at a lower magnification still, fragments of skin obtained from 
iron ground, in one direction only, with an exceptionally coarse abrasive. 
Note the parallel sets of elongated rents which have appeared in the 
skin; these arrived during drying; while wet, the fragments were without 
holes. This appearance of fissures during drying may possess some 
significance, because not infrequently iron which is passive when wet is 
found to become active when it dries. 

The author’s anodic method of isolating the oxide skin^^ may also 
be mentioned because it illustrates the surprising strength of this skin. 
A strip of pure iron may be abraded, rendered passive in potassium chro- 
mate, and trimmed along the bottom so as to give an edge free from con- 
tinuous^ oxide. It is now made the anode in a solution of potassium 
chloride, and when current provided by an external battery is passed 
through the solution, the iron is eaten away from inside the oxide envelope, 
commencing at the trimmed edge, and gradually advancing upwards. 
Finally, if disturbance is avoided, we are left with a transparent oxide 
envelope, consisting of two transparent skins joined together at the edges 
but open at the bottom; one skin represents the front face of the original 
iron specimen; the other similarly represents the back surface. There is 
usually a certain amount of residual metallic iron and secondary products 
but these do not interfere with the study of the skin. Sometimes the 
envelope gapes open a little, revealing clearly that it consists of two films, 
not of one; sometimes rents appear locally in one skin or the other; but 
on the whole it retains the shape of the original electrode wonderfully 
well. The skin reproduces the original configuration of the iron surface, 
and the microscope reveals, as usual, series of lines representing the 
original abrasive treatment. The fact that the skin — whether isolated 
by the iodine method or by the anodic method — preserves the shape and 
markings of the original metal shows that it is the original surface of the 

U. R. Evans: The Passivity of Metals — Part I. The Isolation of the Protective 
Film. Jnl. Chem. Soc. (Pt. I, 1927) 1022. 


Fig. 3. — Oxidb-pilm in curling flakes. X 25. 

Fig. 4. — ^Film prom iron ground by hand with pine emery in two directions 
AT RIGHT ANGLES. X 160. 

Fig. 5. — ^Film prom iron ground in same way with coarser emery. X 40. 
Fig. 6. — Film from iron ground with coarse emery in two directions at 45°. 
X40. 

Fig. 7. — Film prom specimen ground in one direction. X 40. 

Fig. 8. — Fragments op film from iron ground with exceptionally coarse 

ABRASIVE, IN ONE DIRECTION ONLY. X 25. 
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metal converted into oxide, and not something laid upon the orig- 
inal surface. 


The Corrosion op Metals 

The experiments described indicate clearly that the oxide film to 
which the passivity of iron has long been ascribed has a real, and indeed 
a wonderfully robust, existence. It is now possible to consider the part 
played by this skin in some of the phenomena of corrosion. The subject 
of corrosion is far too large a subject to cover in a single lecture. I have 
discussed it both in its academic and its engineering aspects in a series of 
papers published elsewhere. It is merely possible today to take a few 
typical examples illustrating the principles involved. In providing the 
experimental basis for these principles, researches carried out in the 
United States have played a very notable part. The paper published 
by J. Aston/® in 1916 is one of the most important landmarks on the 
winding road that leads to tlje understanding of corrosion. The work of 
McKay,®® Whitman and Russell,®^ Speller,®® Pilling and Bedworth,®® and 
many others wiU long be remembered, and I only regret that it is impossi- 
ble at this time to discuss the results reached by these various investigators. 

It is well established that the corrosion of iron by most natural waters 
proceeds quickly only if a supply of oxygen is provided, but that, as a 
rule) the actual seat of corrosion is not the place where oxygen is present 
in greatest concentration. For instance, if we partly immerse a sheet 
of clear steel in a vertical position in an (unstirred) solution of salt 
(sodium chloride), for a few days, it will be found that the zone immedi- 
ately below the water line (the part most accessible to oxygen) has 
remained bright and uncorroded, but that a little lower down the metal 
has been distinctly attacked. This indicates that the direct effect of 
dissolved oxygen is not to produce corrosion but rather to prevent or at 
least to divert it. The steel, before ever it enters the liquid, has the rudi- 
ments of an invisible oxide skin on it, but the skin present on steel is not 
suflSciently sound to prevent corrosion altogether. When the steel is 

“ For summary, see: U. R. Evans: Corrosion of Metals, 2d Ed., New York, 
1926. Longmans Green & Co. 

J. Aston: Effect of Rust upon the Corrosion of Iron and Steel. Trans. Amer, 
Electrochem. Soe. (1916), 29, 449. 

R. J. McKay: Corrosion by Electrolyte Concentration Cells. Trans. Amer. 
Electrochem. Soc. (1922) 41, 201. 

W. G. Whitman and R. P. Russell: The Acid Corrosion of Metals. Effect of 
Oxygen and Velocity. Ind. & Eng. Chem. (1925) 17, 348. 

N. Speller: A Study of Corrosion Factors and the Electrochemical Theory. 
Ind. & Eng. Chem. (1925) 17, 339. Also Corrosion — Causes and Prevention, New 
York, 1926. McGraw-HiU Book Co. 

N. B. Pilling and R. E. Bedworth: The Oxidation of Metals at High Tempera- 
tures. Jnl. Inst. Met. (1923) 29, 529. 
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placed in position in the liquid, the dissolved oxygen present in excess 
near the water line keeps the skin over this region in fairly good repair, 
and the attack is therefore diverted to the part lower down, where the 
supply of oxygen is insufficient for repairing purposes. 

This diversion occurs in a very interesting way. The electric poten- 
tial of the portion near the water line covered with a film in good repair 
is appreciably different from that of the portion lower down; measure- 
ments by McAulay and Bowden^^ in the University of Tasmania have 



Fig. 9. — Demonstration op plow op electric current between upper and 

LOWER PARTS OP SPBCIMBN. 

(Reprinted from U. R. Evans' book, The Corrosion of Metals, by permission of the 

publishers.) 

indicated that the difference between the potentials over these two 
regions is often about 0.2 volts; recent researches in Cambridge have 
shown that under special circumstances as much as 0.45 volts may be 
set up by differences in oxygen supply. As a consequence of these 
differences of potential an electric current flows between the aerated” 
zone near the water line, which forms the cathode and is unattacked, 
and the unaerated” zone below, which is the anode and suffers cor- 
rosion. A continuous supply of oxygen to the upper (cathodic) part 
is needed if the current is to continue to flow, but the corrosion con- 

A. L. McAulay and F. P. Bowden: An Investigation of the Effect of Differential 
Aeration on Corrosion by Means of Electrode Potential Measurements. Jrd. Ohem. 
Soc. (1925) 127. 
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nected with the current occurs at the places to which oxygen is not 
supplied. The currents set up by differences in oxygen supp^ are 
known as “differential aeration currents,” and are of exceptional impor- 
tance in corrosion processes. 




Waten Level 


Water Level 


Fig. 10. — Distribution of corrosion produced on partly immersed specimens 

OP iron and steel. 

Corroded parts, shaded or dark; uncorroded, white. 


The effect of the electrolysis of sodium chloride between steel elec- 
trodes is, of course, to produce spdium hydroxide at the cathodic area 
(above), and ferrous chloride, by the corrosion of the metal, at the 
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anodic area (below) ; where they meet, these two substances interact to 
produce ferrous hydroxide, which is quickly oxidized to the dark greenish 
ferroso-ferric hydroxide, and usually then (at least in part) to the brown 
ferric hydroxide. The mixture of iron hydroxides produced is commonly 
known as ‘'rust.” It should be noted that rust is not the direct oxidation 
product of the metal, hut is a precipitate formed by secondary reactions; the 
direct product is the invisible film (comparable, in some ways, to the 
thicker oxide scale produced when iron is heated strongly in air, but 
quite unlike rust). The actual reactions by which rust is produced vary 
with the nature of the water, but it is important to remember that it is 
never the direct oxidation product of the metal. 

The flow of electric current between the upper and lower parts of the 
specimen can be directly demonstrated (Fig. 9), if, before the experi- 
ment, we cut our specimen into two halves, clamping the upper half C 
vertically so that the bottom edge just passes below the water surface, 
and arranging the other half A a little below it; if the two halves be 
now joined to a milliammeter, the current, generated simply by differ- 
ences of oxygen concentration, can be measured on the instrument. 

I would emphasize the fact that each step in the corrosion process just 
described has been directly demonstrated by experiment; the formation of 
alkali near the water line and of ferrous chloride at the lower parts can 
be ascertained simply by taking samples of the liquid from these points 
and applying simple chemical tests; the formation of rust at the places 
where these two primary products meet and interact is directly visible 
to the eye. The electric current can be tapped and measured by the 
method already indicated. It is therefore quite wrong to refer to the 
mechanism described above as a theory of corrosion. The description 
represents not theories but facts, established on far more direct evidence 
than the majority of statements accepted without question by each one 
of us in our everyday life. 

The Distribution of Attack 

It is now possible to look a little more closely into the factors deter- 
mining the distribution of the corroded and uncorroded areas. Fig. 10 
shows the distribution of corrosion produced on partly immersed speci- 
mens of iron or steel under different conditions. If a specimen of steel 
is cut and carefully cleaned by abrasion and kept in dry air for, say, 24 
hr., with care to avoid undue bending, and if it is then partly immersed 
in sodium chloride solution, corrosion may at first be confined to the 
edges and bottom, as in specimen 1; the edges represent places where 
the stresses left by cutting keep cracking the protective film, while the 
bottom represents the place least accessible to repairing oxygen. The 
corroding area from the bottom advances steadfly upwards with the 
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time; the boundary between the corroded and noncorroded area being 
usually horizontal and practically straight; in due course we reach the 
stage represented by specimen 2. 

But if, just before the immersion, the specimen is violently scratched 
locally with a jagged edge, say of carborundum, or if it is bent along a 
central axis, corrosion will also set in along the scratch line (specimens) 
or along the bending line (specimen 4). Frequently the corrosion along 
these lines may extend to the water level in the early stages, but owing 
to the good supply here of repairing oxygen, attack does not usually 
continue at the water line itself, and in the later stages, the corroded 
area does not come quite as high as the water level; of course, the exact 
state of affairs depends on the character of the bending or scratching. 

The distribution of corrosion shown in specimens 1 and 2 represents 
an ideal case, often realized if the specimen is free from surface flaws, and 
if it is handled with care to avoid bending. In general, however, in 
addition to corrosion starting from points on the edges and along the 
bottom, corrosion will be found to start at points in the center represent- 
ing weak places in the oxide film (specimen 6). These central points of 
corrosion may sometimes represent pores in the metal, whose interiors 
will be less accessible to oxygen than the main part of the surface, or they 
may represent surface defects left by the original rolling; or again they 
may represent places where the abrasion, used for cleaning the metal, 
has left exceptionally deep depressions, or exceptionally serious stresses; 
or perhaps they may sometimes represent the site of inclusions, the edges 
of which will serve as vulnerable spots in the protective skin. Whatever 
cause may be operative, corrosion sets in at these “weak spots,'' and the 
loose rust (formed by interaction between the ferrous chloride produced 
by the corrosion and the sodium hydroxide produced at the cathodic area 
around and above) streams down and covers the metallic surface below; 
the portion thus covered by loose rust is screened from the action of 
repairing oxygen, and becoming anodic towards the rest of the metal, 
begins in its turn to suffer corrosion. At first it is only the weak points 
in the lower part of the specimen which suffer attack (specimen 5), but 
later on, as the oxygen is used up in the corrosion process, the repairing 
forces at the higher levels become enfeebled, and rust begins to stream 
down from isolated poiuts in the high portions also. Finally, practically 
the whole immersed* area comes to be blanketed with loose rust, and 
over the whole of the blanketed area, the steel suffers corrosion, becoming 
visibly etched (specimen 6) ; the corrosion is most intense just below the 
“arches" of the corroded area, the portions, shown darkest in the diagram; 
o-n the other hand, the small cathodic area at the water line retains its 
original surface, quite unetched and without perceptible corrosion. In 
the^ later stag^, the alkali formed at the cathode creeps up above the 
water line, producing an upward extension of the cathodic area; this 
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enables the anodic area to advance high enough to' touch the water line 
itself at many points. 

In stagnant water, therefore, the corrosion usually starts locally at 
isolated points, and spreads out until it affects nearly the whole immersed 
area; it should be understood that this extension of corrosion is due to 
the fact that the rust from the points originally attacked spreads down, 
and, excluding the oxygen which alone can keep the invisible protective 
oxide film in repair, permits the enlargement of the area imdergoing 
attack. If the liquid is kept in rapid motion, the rust may be swept 
away, and will only adhere just at the spot undergoing attack. Then 
corrosion remains locali25ed, producing a limited number of deep pits 
each covered with a blister of membranous rust, the hydroxide membrane 
being formed by interaction between the soluble iron salt formed within 
the pit and the alkali formed outside. The intensity of the local attack 
is due to the fact that the stirring ensures a rapid renewal of dissolved 
oxygen to the large cathodic area, and since the whole effect of the cor- 
rosion is concentrated on the small part within the blister, the rate at 
which the attack bores into the metal is pronounced. These rust 
blisters, each covering a deep pit, are often seen in pipes and water 
jackets, usually arranged in rows, and frequently elongated in the 
direction of water flow. 

In stagnant salt water, iron or steel suffers no special corrosion at the 
water fine. Owing to the fact that there is a better supply of oxygen 
here than anywhere else, this portion is immune from attack; so immune 
is the water line from attack that often, after a piece of steel partly 
immersed for some days in stagnant salt water has been taken out and 
dried, it is impossible to decide definitely up to what level the water 
had come. It may be thought at first that this is contrary to the common 
experience of marine engineers who in practice find much trouble at the 
so-caUed ^'wind-and-water line.’' It must, however, be remembered 
that on metal work partly immersed in the sea the water level is con- 
stantly changing, and most of the corrosion found at the wind-and-water 
line has actually been produced at moments when the places in question 
were wetted with water-drops, but exposed to air, the true water line 
being (temporarily) lower down. The whole question is often compli- 
cated by the fact that iron work exposed to the sea is usually painted, 
and that the paint itself will be attacked most readily at the place where 
water, air, light and alkali simultaneously act upon it. This question 
is too complicated to be considered. It will suffice to say that the 
‘^wind-and-water” corrosion of the marine engineer is not strictly “water- 
line” corrosion in the sense used by the chemist. 

Nevertheless true water-line corrosion is sometimes met with on steel. 
It was stated in the early part of the lecture that a protective film is 
more likely to break down at a boundary between different phases than 
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elsewhere; it is specially liable to break down at the water line, where 
capillary forces may cause the protective Sha to leave the metallic surface 
and cling to the air-water interface, thus leaving the metallic surface 
unprotected. In a rapidly corroding solution, this is unlikely to occur, 
since the rapid corrosion uses up oxygen very quickly; and since the water 
line is the only place where constant renewal of oxygen is possible, this 
portion is kept in better repair than the. part lower down. Conse- 
quently the breakdown of the skin invariably occurs over the lower part, 
and this very fact renders “leakage” through the skin along the water 
line improbable. But if we reduce the rate of total corrosion, and 
consequently the rate of oxygen consumption, there will be no great 
discrepancy between the oxygen concentration in the higher and lower 
levels. Under such circumstances, the special liability for the skin, as 
it were, to “come unstuck” along the water line becomes important, 
and true water-line attack often develops. Thus aluminum, which 
suffers much less rapid corrosion than iron, shows special attack at the. 
water level in a chloride solution. Again, the various corrosion-resisting 
steels containing chromium, or chromium and nickel, if they are attacked 
at all, often suffer along the water line. Ordinary steel suffers no water- 
line corrosion in a plain sodium chloride solution, but it may be attacked 
along the water line if certain substances, such as sodium carbonate 
or phosphate, are added which reduce the amount of total corrosion; if 
either salt is added in an amount sufficient greatly to reduce corrosion, 
but not quite sufficient to prevent it, the small amount of corrosion 
which does occur is largely concentrated at the water line (see specimen 
7, representing an early stage, and specimen 8 representing a later stage). 

The reason why these salts reduce corrosion is quite simple. The 
carbonate and phosphate of iron are almost insoluble, and the effect of 
the anodic attack of iron in presence of these salts is to convert the 
surface of the iron to an insoluble substance; in other words, any anodic 
reaction which commences at the weak spots will tend automatically to 
repair these weak spots and thus to bring the corrosion ,to an end. But 
it should be noticed that the addition of these substances is not only to 
reduce the total amount of corrosion but also to restrict the area under- 
going corrosion. Usually the reduction of area is more marked than 
the reduction of total corrosion and therefore the intensity of the attack 
(i. e., the corrosion per unit area of the parts affected) will actually be 
greater than if no phosphate or carbonate had -been added. Of course, if 
a large amount of phosphate or carbonate is added, attack may be 
prevented altogether; but an insufficient quantity may cause perforation 
of an iron specimen to take place more quickly than if no addition had 
been made. This has a bearing on the practical employment of such 
substances as, additions to chloride waters which are to flow through 
cooling jackets. 
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Phosphates and carbonates reduce corrosion because the direct 
anodic product is a nearly insoluble body. On the other hand, solutions 
of calcium and magnesium salts reduce corrosion because the direct 
cathodic product (calcium or magnesium hydroxide) is nearly insoluble, 
and screens the metal from oxygen; as a result hard waters containing 
calcium and magnesium salts produce less corrosion at ordinary tem- 
peratures than soft waters, although the chalky scale of calcium or 
magnesium compounds may be objectionable in other ways. At high 
temperatures, salts of calcium and magnesium suffer hydrolysis, yielding 
free acid which can attack metal readily even in the absence of oxygen, 
and thus accelerate the attack; in boilers, for instance, magnesium 
chloride is an exceptionally objectionable constituent of the feed water. 

The distribution of corrosion on steel immersed in a magnesium 
sulfate solution is interesting (specimen 9). Since the cathodic product 
(magnesium hydroxide) is capable of screening the metal from oxygen, 
it is clear that any place where it is deposited soon ceases to be cathodic 
and becomes anodic; in a short time, therefore, practically the whole 
immersed area has become anodic, and the only cathodic (uncorroded) 
area is a thin straight strip within the meniscus at the water line; this 
strip receives a sufficient supply of oxygen, notwithstanding the white 
magnesium hydroxide which accumulates here. 

The idea may suggest itself, that, since the direct action of oxygen 
is not to produce corrosion, but to confer local immunity, it should be 
possible to prevent corrosion altogether by ensuring a supply of oxygen 
everywhere. This is not quite such a simple matter to bring about as 
may appear at first sight, but it is possible to show^® that when a disk 
of pure, electrolytic iron is whirled in a special apparatus in laboratory 
distilled water containing oxygen, it remains practically unchanged, 
although the same iron placed half immersed in the same water rusts 
quite readily; here conditions of uniform aeration give immunity, while 
conditions of differential aeration cause corrosion. But with steel it is 
more difficult to obtain immunity in this way; as already stated, the 
film on steel is always less reliable than that on pure iron. It is true 
that when water is made to fiow with great velocity over steel, the total 
corrosion is less than if it fiows fairly slowly; this fact — ^noted by Heyn 
and Bauer^® and by Friend^’^ — ^is no doubt due to the fact that a good 
uniform supply of oxygen is brought to almost all points of the surface. 


U. R. Evans: Corrosion of Metals, 2d Ed., 108. New York and London, 1926. 
Longmans Green & Co.; Edward Arnold & Co. 

E, Heyn and O. Bauer: tlber den Angriff des Eisens durch Wasser und Wasserige 
Losungen. MiUeU. a. d. Kgl. Materialprufungsamt zu Gross-Ldcliterfelde West. 
[Berlin] (1910) 28, 93, 130. 

J. A. N. Friend: A Colloid Theory of the Corrosion and Passivity of Iron and 
of the Oxidation of Ferroxis Salts. Jnl. Qiem. Soc. (1921) 119, 932. 
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But with steel it seems impossible to prevent corrosion altogether, and 
the corrosion which does occur is concentrated on a few points, where 
rather rapid pitting occurs. If, however, in place of oxygen we use 
potassium chromate, which is more soluble and gives a more reliable 
film, as already stated, corrosion may sometimes be prevented altogether. 
The addition of chromates to water used in cooling jackets and also to 
refrigerating brine is practiced with success in several places in the United 
States and will be familiar to many. 

Other Types of Attack 

There are many other types of corrosion which can be mentioned 
here, but cannot be discussed. Even in the absence of oxygen, some 
attack can still occur, iron passing into solution and replacing hydrogen. 
This occurs comparatively rapidly in acid solutions, but it may be appreci- 
able in neutral or even in alkaline solution. The recent and extensive 
work of Baylis^^ on the water supplies of several cities in the United 
States has indicated the importance of the hydrogen-evolution type of 
corrosion in the internal wastage of pipes, while the investigations of 
Shipley, McHaffie and Clare, in Canada have shown that in certain 
soils the same mechanism may bring about external corrosion also. 
Finally, the recent researches of ThieP^^ and others in Germany have 
disclosed the great importance of the hydrogen-evolution type of cor- 
rosion in boilers. 

Passing from conditions where oxygen is absent to the other extreme 
where oxygen is in great excess, one comes to the atmospheric rusting* of 
iron. This occurs only if actual condensation of moisture occurs on the 
metal, or if hygroscopic dust settles upon it; Vernon^^ has shown that the 
rusting of iron in an indoor atmosphere is practically prevented if the 
iron specimens are placed in a muslin cage, which filters out the dust. 
Deposition of pure water on iron does not cause rapid rusting but if the 
moisture contains salts or acids corrosion is greatly accelerated. Hence 
the presence of acid fumes, or of sea spray, greatly enhances the rusting 
properties of damp air. Particularly dangerous are bodies which are 
hygroscopic, or which form hygroscopic bodies by acting on iron, since 
then the surface will remain wet even on dry days; in this respect, iron 
which has once been exposed to sulfuric acid fumes, or iron which has at 

2® J. R. Baylis: Factors Other Than Dissolved Oxygen Influencing the Corrosion 
of Iron Pipes. Ind, & Eng. Chem. (1926) 18, 370. 

^ J. W. Shipley, I. R. McHaffie and N. D. Clare: Corrosion of Iron in Absence of 
Oxygen. Ind. dk Eng. Chem. (1925) 17, 381. 

^ A. Thiel and H. Luckmann: tlber Kbrrosions-erscheinungen. Korr. und Met. 
(1928), 4, 169. 

W. H. J. Vernon: Relative Behaviour of Copper, Zinc, and Brass Exposed to 
Several Types of Indoor Atmospheres. Trana. Faraday Soc. (1927) 23 , 160. 
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any time been immersed in the sea, is especially liable to atmos- 
pheric rusting. 

One more question may be discussed before the lecture closes: Has 
rust a protective action, or does it stimulate further rusting? We have 
seen that the invisible oxide film which is the direct product of oxidation 
at ordinary temperatures is definitely protective to the iron immediately 
covered by it; likewise, a directly formed film of iron phosphate, produced 
by anodic action of iron in a sodium phosphate solution, is protective; 
clearly the conversion of the surface layers of the metal in situ into oxide, 
or phosphate, must tend to protect the metal below. But rust is not 
a direct product; it is a precipitate formed, as we have seen, by secondary 
reactions, and usually at a sensible, although often microscopic, distance, 
from the actual seat of corrosion. It is not protective in the sense that 
the invisible directly formed oxide is protective. 

Nevertheless a layer of rust may often have a retarding action on 
further corrosion. Supposing a piece of iron totally immersed becomes 
wholly covered with rust, this will screen the metal from dissolved 
oxygen, and corrosion must therefore be very slow; for corrosion — to be 
rapid — requires the presence of oxygen at some point on the metal, 
although not at the actual seat of corrosion. Thus a complete rust 
covering may be said to retard further rusting. But now consider a 
case where the article is only partly covered with rust. Here oxygen 
can reach the rust-free part, which will function as cathode and will 
produce anodic attack to the metal where it is shielded from oxygen by 
the rust; in this case, it would be true to say that a partial rust-covering 
promotes further rusting on the rusted part. This explanation of the 
action of rust on rusting was first made clear by J. Aston. In atmos- 
pheric corrosion, rust promotes further rusting for quite a different 
reason, namely because a rusty surface will remain wet for a considerable 
period after a rust-free surface has dried up. 

It will be evident that relatively small changes in the conditions 
have an enormous influence on the phenomena of corrosion. The reasons 
for this apparent irregularity in corrosion results are fairly well under- 
stood; indeed, there is now far better agreement among investigators — at 
least as far as the basic mechanism of corrosion is concerned — ^than 
could have been hoped for by the most optimistic observer eight years 
ago. While much remains to be investigated, there is good reason to 
expect that future progress will be rapid. Perhaps one of the most 
helpful features of recent years is the increasing desire of scientists and 
engineers of different countries to ^'get together and compare notes. 
Your Institute has played a conspicuous part in developing a policy of 
international cooperation among scientists. In a recent and very cordial 
letter addre^d to the Institute of Metals in Lpndon, you said that 


” J. Aston: Op. cU. 
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Science knows no Boundaries. No better motto could be found for your 
endeavors. I think that these sentiments find strong support in scientific 
circles in Britain, and also in other European countries with which I am 
acquainted. Indeed the truth of your words has been particularly 
apparent at numerous scientific gatherings held recently in Europe, at 
which scientists belonging to a dozen or more of different nations have 
contributed to the discussion — to the great advantage of all. Scientific 
acquaintances often develop into warm personal friendships, and 
it is evident that the benefits derived from this sort of intercourse will 
not be confined to Science, but that they may represent a very definite 
contribution to the Peace and Happiness of the World. 



Quantitative Measurement of Corrosion of Metals in Water 

and Salt Solutions 

By G. D. Bengough,’’' J. M. Stuart* and A. R. Lee,* Teddington, Middlesex, 

England 

(New York Meeting, February, 1929) 

Coerosion tests should be designed so as to facilitate as far as possible 
the interpretation of results, consequently factors which may affect 
the rate of corrosion should be controlled as far as practicable, and very 
full data should be given regarding the conditions of the test. Among 
the most important factors affecting the rate of corrosion is often the 
rate of supply of oxygen to the metal surface. It is essential therefore to 
understand the mechanism by which oxygen is transferred from the 
liquid surface to the surface of the metal. The work of Adeney and his 
coworkers has thrown much light on this mechanism. They have shown* 
that the aeration of deaerated water and salt solutions proceeds much 
more rapidly than can be accounted for by mere diffusion, and have sug- 
gested that downward “streaming” takes place from the surface of the 
water, due mainly to an increase of density brought about by evaporation. 
The evaporation reduces the temperature of the surface layer, and also 
increases the concentration in the case of salt solutions. The effect of 
evaporation in facilitating the transfer of oxygen to a metal and increasing 
the corrosion of the metal was shown in some experiments due to Friend.® 
He tested the corrosion of mild steel plates immersed in water in glass 
jars, a steady stream of air being drawn over the surface of the water in 
the jars. The air passing through half the number of jars was satu- 
rated with moisture, that passing through the others was dried with cal- 
cium chloride. He found that “in every case the water exposed to dry 
air was approximately twice as corrosive as that exposed to air saturated 
with water vapor.” 

Conditions foe Quantitative Corrosion Tests 

These results show that we must either control or prevent evapora- 
tion at the liquid surface, if we wish to avoid effects on the rate of cor- 

*• The Chemical Research Laboratory. 

‘ W. E. Adeney, A. G. G. Leonard and A. Richardson: Aeration of Quiescent Col- 
umns of Distilled Water and of Solutions of Sodium Chloride. Phil. Mag. (1923) 
46, 835. 

• J. A. N. Eriend: Corrosion of Iron in Water and in Neutral Salt Solutions. Jrd. 
Chem. Soo. (1923) tW, 2996. 
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rosion due to causes independent of the corrosion process itself. It is 
simpler to prevent evaporation than to control it, since evaporation can 
be prevented if the gas and solution are kept at the same temperature 
and the gas is saturated with water vapor at the vapor pressure of 
the solution. 

If the solution is stirred or aerated instead of kept stagnant, the 
effect of the increased oxygen supply on the rate of corrosion may be 
even more striking. Rawdon and Groesbeck^ find the following per- 
centage increases in the rate of corrosion of various metals due to aeration 
in simple immersion tests in sodium chloride solutions: 

Pbrcentage 


Metal Increase 

Nickel 8 

Monel metal —40 

Copper-nickel alloy 26 

Admiralty nickel * 81 

Copper 662 


Besides controlling the conditions affecting the rate of oxygen supply, 
the test conditions should insure that as far as possible the solution 
contains only substances deliberately introduced for the test and those 
resulting from the corrosive action. The ordinary corrosion test con- 
ducted in open vessels fails conspicuously in this respect. An aqueous 
solution exposed to the ordinary atmosphere will tend to absorb carbon 
dioxide, and if this produces corrosion and is removed from solution, more 
carbon dioxide from the air will take its place. Other gases and even 
dust may find their way into the solution, introducing traces of vari- 
ous impurities. 

In the ordinary corrosion test, the shape, dimensions and composition 
of the metal specimen are usually stated. The depth of immersion is 
sometimes given, but owing to lack of appreciation of the importance of 
specifying factors affecting the rate of diffusion of oxygen, the size and 
shape of the vessel • containing the metal and the solution are often 
omitted from the description of the test. The latter particulars, how- 
ever, may prove to be of considerable importance if an attempt is made 
to repeat the test. The following conditions should be defined for all 
quantitative corrosion tests: 

1. The size, shape, composition and surface treatment of the 
metal specimen. 

2. The depth of immersion and mode of suspension of the specimen, 
the volume of the solution and the dimensions of the containing vessel, 

3. The 'initial composition and concentration of the solution and gas, 

4. The constant temperature and pressure at which an experiment 
is performed. 

® H. S. RAwdon and E. C. Groesbeck: Effect of Testing Method on'Deternniiati. 9 n 
of Corrosion Resistance. U. S. Bur. Stds. Tech, Paper (1928).^' 
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The gas should be saturated with water vapor with respect to the 
solution. Any stirring or aeration used should be completely specified. 
Nos. 3 and 4 of the list necessitate that the experiment be carried out in a 
closed space instead of open to the atmosphere. 

Measurement oe Amount op Corrosion 

Three general methods have been used in estimating corrosion and 
these depend on: 

1. Measurement of change of weight. 

2. Determination of the amount of metal in the corrosion product 
after solution. 

3. Gas measurement (mainly of oxygen absorption). 

Regarding item 1, if the corrosion takes place in such a manner that 
the corrosion product adheres tightly to the metal and is of uniform 
composition, the corrosion may be estimated by the increase in weight 
of the specimen. If this method is used for wet tests the specimen must 
be dried before weighing. The method is of limited application but is 
used in atmospheric corrosion tests for accurate work and for certain 
aluminum alloys in salt solutions for technical purposes. 

The method most generally used is the loss-of-weight method. The 
specimen is weighed before the corrosion test. After the test the corro- 
sion products are removed by rubbing or solution, the specimen is dried 
and then weighed again. If heavy pitting has occurred, corrosion 
products tend to remain in the pits even after rubbing, so that the 
solvent method must be employed. A correction may then be necessary 
for the metal attacked by the solvent during the removal of the corrosion 
products. The present authors have used two methods of determining 
the correction for zinc. In the first method, the corrosion product was 
removed by immersion in acid for a measured time, the specimen was 
weighed and again placed in acid for a similar time, dried and weighed. 
The second loss of weight subtracted from the first gave the “corrected 
loss of weight.” In the second method the hydrogen gas evolved during 
the removal of the corrosion products was collected and measured. From 
this the amount of metal attacked by the acid was calculated and 
deducted from the apparent loss of weight. Care was taken in applying 
this method to insure that any gas given off by the corrosion products 
themselves (e. g.j CO 2 ) was not measured as hydrogen. 

Method 1 has been used by the authors only for the purposes of com- 
parison with the more informative method 3. Several modifications of 
method 1 have been carefully studied by Committees B-3 and A-5 of 
the American Society for Testing Materials.^ The great difficulty is 

< D, Baseh and M. F. Sayre: Resistance of Various Aluminum Alloys to Salt-water 
Corrosion. Mech. Eng. (1924) 46, 199. 

* Report of Committee B-3, Amer. Soc. Test. Mat. (1927). 
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the lack of agreement between duplicates, and the need of using very large 
numbers of specimens to define curves for corrosion rates. 

Method 2 has been used by Shipley and McHaffie and by U. R. 
Evans; it has not been used by the authors, since it suffers from draw- 
backs similar to those of method 1 from their particular point of view. 

Method 3 has been employed by Arndt and others in rough laboratory 
corrosion tests on iron, and Speller and Kendall® have used it in investi- 
gating the corrosion of steel pipes. Their method consisted in determin- 
ing the fall in concentration of oxygen dissolved in the water passing 
through the pipe. Speller has pointed out the advantages of the method 
for the construction of ^'time-corrosion rate curves.”^ Whitman and 
Russell® have used the same principle for estimating the corrosion of 
metal plates in a "corrosion cell,” through which water or solutions can 
be made to flow. 

The authors have used the gas-measurement method for accurate 
laboratory tests on the corrosion of zinc in conductivity water and salt 
solutions. Zinc disks were supported in stagnant salt solutions initially 
saturated with oxygen at a pressure of 760 mm. Oxygen gas at a similar 
pressure was in contact with the solution, and the gas absorption was 
measured at intervals. 

The great advantage of the oxygen-absorption method over the loss- 
of-weight method is that the course of a corrosion experiment can be 
followed without disturbing the metal specimen which yields a rate 
curve for a particular solution in the conditions of the experiment. The 
loss-of-weight method requires a separate specimen for each point on 
the curve. 

The oxygen-absorption method suffers a complication when applied 
to a metal having more than one valency; e. g.j iron. The distribution 
of the iron between ferrous and ferric states must be determined in order 
to estimate the corrosion. Shipley and McHaffie® measured oxygen 
absorption and also determined the iron corroded by method 2. Speller 
and Kendall^® determined the amount of ferrous iron in the rust by analy- 
sis. In their experiments in flowing water at 80° F., about 30 per cent, 
of the iron in the corrosion products was in the ferrous state at the end 
of the experiment, but it dos not follow that this was the case throughout 


® F. N. Speller and V. V. Kendall: A New Method of Measuring Corrosion in 
Water. Ind, & Eng. Chem. (1923) 16, 134. 

^ F. N. Speller: Corrosion Causes and Prevention, 223. New York, 1926. Mc- 
Graw-Hill Book Co. 

® W. G. Whitman and R. P. Russell: Natural Water Corrosion of Steel in Contact 
with Copper. Ind. & Eng. Chem. (1924) 16, 276. 

® J. W. Shipley and I. R. McHaffie: Relation of Hydrogen Ion Concentration to 
the Corrosion of Iron. Canadian Chem. cfc Met. (1924) 8, 121. 

- F. N. Speller and V. V. Kendall: Op. cit. 
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the experiment. Under stagnant conditions the proportion of ferrous 
iron might be very different, and would have to be determined at intervals. 

Hydrogen gas may be evolved during corrosion in salt solutions by 
strongly anodic metals such as zinc and iron, and this must be estimated 
both because of the corresponding corrosion and because a correction 
for it must be applied to the apparent oxygen absorption. 

Application of Gas-measurement Method to Corrosion of Zinc 

The gas-measurement method used by the present authors in their 
study of the corrosion of zinc permits a high degree of control of the 
conditions previously laid down for quantitative tests. 

The principle of the apparatus is shown in Fig. 1. This is a diagram 
only.“ A dimensioned drawing of the apparatus appears in the earlier 



Fig. 1. — Oxygen- ABSORPTION apparatus. 


paper referred to. J is the corrosion vessel, in which is a glass stand 
carrying the metal disk M, The glass stand is so constructed as to bring 
the top of the specimen to a definite distance below the end of the capil- 
lary h when the vessel J is pushed into the ground joint connecting it 
with the rest of the apparatus. This ground joint is sealed with wax 
for an experiment. The solution is introduced through the capillary h, 
and any excess of solution is driven back through h (by oxygen pressure). 
Thus the position of the lower end of h determines the position of the 
surface of the liquid. It is simple to arrange the construction so that a 
definite volume of solution (usually 100 c.c.) is left in the vessel J and 
that the top surface of the metal is immersed to a definite depth (usually 
1.5 cm.). 

For a full description of the authors* methods of work and numerous results, 
see: Theory of Metallic Corrosion in the Light of Quantitative Measurements. 
Proc. Roy. Soc. (1927) 116A, 425; Idem (1928) 121, 88. 
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In the tests to be described, the atmosphere above the solution con- 
sisted of purified oxygen gas. jB is a manometer bulb also filled with 
oxygen, and adjusted to a pressure of 760 mm. when at the temperature 
of the experiment and with the water levels equal in c and 6. If oxygen 
has been absorbed from the gas in the corrosion vessel, the liquid level 
will rise in c when the tap F is opened. Oxygen can then be displaced 
from the graduated tube a by water from e till the manometer levels 
are again equal, thus restoring the gas in the corrosion vessel to its original 
pressure. The volume of oxygen necessary is equal to that absorbed 
during corrosion. The apparatus, including the manometer and gas 
burette, is placed in a thermostat at 25° C., and is therefore at constant 
temperature and pressure except for the pressure changes due to absorp- 
tion of gas in the corrosion vessel. Since the gas was usually replaced 
every 24 hr. during active corrosion, the pressure changes were rela- 
tively small. 

It was found during the course of the work that hydrogen gas was 
evolved during the corrosion of zinc in potassium chloride solutions of 
concentration N/10,000 or greater, in the conditions of the test. It was 
essential to estimate this hydrogen during the course of a corrosion test 
in order to obtain the true oxygen-absorption curve, since the observed 
oxygen absorption is too low by the volume of hydrogen evolved. The 
hydrogen estimation was carried out by heating the platinum wire shown 
in Fig. 1. This was done directly after an oxygen measurement, and the 
hydrogen was calculated from the further contraction obtained (after 
cooling). This also permitted the construction of hydrogen-evolution 
and total-corrosion curves, the latter representing the metal corrosion 
due to both oxygen absorption and hydrogen evolution. 

Preparation of Materials for the Test 

The zinc generally used was Australian electrolytic zinc of about 
99.99 per cent, purity. It was cast into short rods which were sawn up 
and turned into disks 2.5 cm. dia. and 0.6 cm. thick. For the final 
turning the specimen was held in a split chuck lined with filter paper and 
subsequently was handled with filter paper until it was introduced into 
the apparatus for the corrosion test. Great care was taken throughout 
the preparation of the specimen to prevent contact with any trace 
of oil. 

In one test ^^spectroscopically pure” zinc was used, which the New 
Jersey Zinc Co. had kindly supplied. This arrived from America in 
the form of rods about 0.8 cm. dia. A portion of rod of about the same 
total surface as a standard specimen was broken off and used for a cor- 
rosion test without further treatment. 

Early in the course of the work it was found that annealing of the 
zinc specimens was necessary in order to insure consistent results from 
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corrosion tests. The specimens are usually annealed at a temperature 
of about 250° to 260° C. To hinder volatilization and to avoid the 
formation of tarnish films on the metal during annealing the specimens 
were sealed into glass tubes filled with argon before annealing. It was 
found necessary to exhaust and thoroughly heat the glass tube containing 
the specimens before filling it with argon. While each end of the glass 
tube was heated in this way the zinc specimens were kept at the other, 
cool, end of the tube. Before this procedure was adopted some trouble 
was experienced through tarnish films forming on the zinc during anneal- 
ing. Possibly this was due to water vapor, which appeared to come from 
the glass during the sealing of the large tube containing the specimens, 
though this tube had previously been carefully dried. 

The solutions used were made up with conductivity water prepared 
in a special still, the conductivity varying from 0.047 X 10"® to about 
0.10 X 10"® mho (measured on the still cell). The water was collected 
and the solution made up in a special vessel in contact with purified air. 
This vessel was subsequently placed in a thermostat, with the corrosion 
apparatus, and was connected to the latter and to the oxygen supply 
connections. The latter were arranged so that the solution could be 
saturated with purified oxygen at a pressure of 760 mm. Then the 
solution was driven over by the oxygen into the corrosion vessel through 
the capillary h (Fig. 1), the excess being driven back through h and the 
capillary finally sealed off. The solutions used were mainly potassium 
chloride solutions of concentrations varying from N/100,000 to normal. 

Before each test the corrosion vessel J and the glass stand were cleaned 
in concentrated nitric acid and washed with distilled water. The corro- 
sion vessel was steamed for some time. The vessel containing the 
solution was originally cleaned with concentrated nitric acid and washed, 
and was again well washed with conductivity water before each solution 
was prepared. 


Results op Experiments 

The corrosion of zinc in conductivity water and oxygen is shown in 
Fig. 2. The mean of the best results for conductivity water gave a 
corrosion of approximately 1 mg. in 50 days. This is about three times 
that theoretically possible in pure water^^ as calculated from a determina- 
tion of the solubility of zinc hydroxide in water at 25° C. (containing 
oxygen). The additional corrosion indicates the presence of a trace of 
soluble impurity which probably enters the corrosion vessel as dust, etc., 
on the surface of the metal specimen or corrosion vessel. 

G. D. Bengough, J. M. Stuart and A. R. Lee: Routine Preparation of Low- 
conduction of Water. Jnl. Chem, Soc, (1927) 2156. 

On the assumption that pure water is d^sociated sufficiently to conduct elec- 
tricity. 
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The corrosion in conductivity water is small, however, compared with 
that which occurs even in very dilute potassium chloride solutions. 
This is shown in Fig. 3, which gives the corrosion curves for turned speci- 
mens in dilute chloride solutions. The curves are apparent oxygen curves, 
as any hydrogen gas evolved was not estimated in these experiments. 
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Fig. 2. — Cobrosion in conductivity water. 


€4b 

C2 

A23 

A29 

A47 


The hydrogen correction at these concentrations is probably small 
compared with the striking ejBfect of differences in the turned surfaces. 
Thus both A4c0 and A34 were tested in N/10,000 KCl, but while corro- 
sion stopped on -A40 after an absorption of approximately 3.87 c.c. 
oxygen, ASi absorbed 11.18 c.c. of oxygen in a similar period. This 



Fig. 3. — Corrosion in dilute potassium chloride solutions. 


represented an increase of corrosion of 188 per cent, in ^134 as compared 
with A 40. The curve also shows that AM gave considerably more 
corrosion than A41, which was tested in N/6000 KCl. 

The effect of turning the surface of the metal is to produce an appar- 
ently structureless layer as viewed under the microscone. which often 
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shows considerable resistance to corrosion. A similar effect was shown 
by a specimen which was lightly burnished with an agate tool and tested 
in N/1 0,000 KCl (A 64 in Fig. 4). Fig. 4 shows three other curves for 
specimens tested in N/10,000 KCl, i. e., curves for a tarnished specimen 
(tarnished during annealing as previously described), a standard annealed 
specimen, and the specimen of “spectroscopically pure’’ zinc previously 
mentioned. These three specimens give results in close agreement. The 
effect of the tarnish film has been slight, and this may be compared with 
the neutral effect of the corrosion product of zinc in atmospheric corrosion 
as observed by Vernon. 


Z 

i 

I 

I 


Fig. 4. — Corrosion of standard, tarnished, and burnished zinc in N/10,000 

KCl.. 

The curves given in Fig. 4 are apparent oxygen curves, i. e,, curves 
in which hydrogen was not determined. Experiments with the electro- 
lytic zinc showed that measurable amounts of hydrogen were evolved in 
tests in N/10,000 KCl. In the case of the “spectroscopically pure” 
zinc, a test for hydrogen was carried out at the end of the experiment. 
No hydrogen could be detected. Since the corrosion measured by 
oxygen absorption is similar to that of the less highly purified zinc, the 
conclusion seems to be that the higher overpotential of the purer zinc 
only hinders the evolution of hydrogen gas. This effect is also shown in 
the resistance of highly purified zinc to hydrochloric acid and sulfuric 

W. S. J. Vernon: Second Experimental Report to the Atmospheric Corrosion 
Research Committee (British Non-ferrous Metals Research Assn.)* Zinc. Trans. 
Faraday Soc. (1927) 23« 135, 
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acid. But electrolytic action is not wholly prevented by the absence 
of impurities, since corrosion proceeds normally (as in the test given 
above) when the hydrogen produced is removed by depolarization 
with oxygen. 

Some typical curves obtained in lSr/5000 KCl solutions are given in 
Fig. 5, the three lowest curves being apparent oxygen curves for tests in 
vessels of different sizes. The lowest curve represents the result obtained 
in a corrosion vessel of the type most frequently used; i. e., one 4.4 cm. 
in internal diameter and holding 100 c.c. solution (under test conditions). 
The others are for vessels of larger diameters, holding 500 c.c. solution. 

It will be seen that the curve is concave upwards for about the first 
two days. Possibly this indicates the building up of the e.m.f. due to 



Fig. 5. — Typical curves obtained in N /5000 KCl solutions. 

differences of oxygen concentration by the screening action of the corro- 
sion products initially deposited. 

Following this initial branch, the curves for dilute KCl solutions in 
many instances have been found to correspond for a considerable period 
to the general equation y — A{1 — this equation y represents 

the amount of oxygen absorbed while A and k are constants. 

In applying this general equation to the experimental curves, another 
constant h has to be introduced. This is due to the fact that the experi- 
mental curve corresponding to this equation, if produced, does not pass 
through the origin but only commences after a definite period. Hence 
the equation corresponding to the experimental curves is y — A 
[1 «. 

This equation applies strictly only to true oxygen-absorption curves. 
The constants A and k are obtained from an experimental curve by 

plotting ^ against y. For ~ = k(A - y) so that when ^ = 0, y = A 
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du 

and when 2 / = 0, ^ = M. Having found A and k, b can be easily found 
from the experimental values. 

The equation has been applied to the true oxygen-absorption curve of 
A 68 shown in Fig. 5. Table 1 shows the agreement between observed 
and calculated values. 


Table 1. — Observed and Calculated Values of True Oxygen-absorption 

Curve 



It will be seen that very good agreement is obtained for a period of 
about 70 days starting from the second day. 

Before hydrogen measurements were taken, this equation was applied 
to apparent oxygen curves for solutions of N/20,000, N/10,000 and 
N/5000 KCl, in vessels of about 4.4 cm. dia. As will be seen from Fig. 
6, very good agreement was obtained in N/20,000 KCl solution between 
two experimental curves and a calculated curve. The agreement 
between experimental and calculated values for the N/10,000 and the 
N/6000 KCl solutions are shown in Table 2. 
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Table 2. — Ex'perimental and Calculated Values for KCl Solutions 


Zn (Annealed) in N/10,000 KCl 


Days j 

j V, Expenmental 

1 y, Calculated 

1 

tf Days 

y, Experimental 

y, Calculated 

2 

1.40 

1.40 

20 

10.94 

10.97 

4 

3 42 

3.38 

25 

11.70 

11 82 

5 , 

4 27 

4 24 

30 

12.05 

12.36 

7 

5.77 

5 74 

40 

12.41 

12.92 

10 

7.53 

7.54 

55 

12.63 

13 20 

15 

9.65 

9 64 

103 

13.00 

13 30 


Zn (Annealed) in N/5000 KCl 


2 

1.27 

1.50 

20 

14.90 

14 93 

4 

3 50 

3 80 

25 

16 34 

16 74 

6 

5.70 

5 80 

30 

17 15 

18 08 

8 

7 63 

7 62 

35 

17 64 

19.08 

10 

9 24 

9.23 

40 

17.98 

19.83 

12 

10 65 

10 65 

50 

18 37 

20.80 

15 

12.50 

12.49 

55 

18 48 

21.11 


The agreement becomes less satisfactory after a period of about 20 
days, this being almost certainly due to the fact that the curves were not 
corrected for hydrogen evolution. In the case of the N/5000 KCl it 
will also be noticed that the figures for the first four days do not agree 
well. This is due to the effect of the restriction of the rate of oxygen 
supply as compared with experiment 468, which was conducted in a much 
wider vessel. 

The exponential curve can be deduced theoretically on certain 
assumptions, one of which is that the rate of diffusion of oxygen to the 
metal is always sufficient and does not restrict the rate of corrosion. 

Other assumptions underlying the theoretical deduction of the 
equation for the exponential curve are: 

1. That the whole process of corrosion is electrolsdiic. 

2. That the changes in the rate of corrosion are produced only by 
changes in the conductivity available for corrosion currents; e. g., by 
changes in the amount of chlorine ion in the KCl solutions. This suggests 
that the process is independent of polarization effects at either anode or 
cathode, and that the potential E which originates the corrosion currents 
is constant. It also suggests that the precipitated corrosion products 
deposited during the exponential stage of the corrosion do not affect the 
process. The chlorine ion is not directly removed from solution by the 
anodic reaction, since zinc chloride is soluble in water, but must pass into 
insoluble products by subsequent secondary reactions which must remove 
a constant proportion of the zinc chloride present at any time. 
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The deduction of the exponential equation is as follows, 
i suppose: 

Total quantity of electricity that has passed = Q 

Momentary current = i 

Effective electrolytic resistance = r 

Let the steady e.m.f. == E 

Let C = amount of chlorine present initially, 
and C' = amount of chlorine used, up at time i. 

Then the amount of chlorine left = C — C\ 


At any time 


Now 
and also 


t = 




dt 

E 


At time t the electrolytic conductivity for corrosive current is propor- 
tional to the chlorine left in solution; that is 


~ = k(C- C). 


And C' is proportional to total quantity of electricity that has passed 
during time t 

,\C' = aQ 
.-.J = k{C- aQ) 

. • . f = ^ = Ek(C - aQ) = aEk(- - Q 

T \ ^ 

= K{B - Q) 

Hence 

But if the oxygen absorbed (y) is proportional to Q 
then 

I - - V) 

hence 

y = A(l- 

It should be noted that the OH ion is not considered as available for 
corrosion currents in deducing the exponential, and the fact that such 
close agreement is obtained for a long period between the experimental 
and the calculated results suggests that in the conditions studied the 
effect of the OH ion on the true oxygen-absorption curve is small. 


Effect of Restriction of Oxygen 

The corrosion experiments on zinc detailed so far have been carried 
out in very dilute solutions. We have seen, however, that in the case of 
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an experiment carried out in a narrow vessel (approximately 4.4 cm.) in 
N /5000 solution, the curve does not agree well with the exponential for 
the first few days, owing to the restriction of the oxygen supply. The 
effect of this factor becomes more marked as the concentration of the 
solution is increased. This is shown in Fig. 7, which gives apparent- 
oxygen curves for the corrosion of zinc in KCl solutions ranging from 
N/10,000 to N/10, the experiments being conducted in standard-sized 
vessels of approximately 4.4 cm. dia. It will be seen that, after the slight 
initial lag, the curves for the stronger solutions are approximately straight 
lines which ultimately fall over into curved portions (even in the case of 
the N/10 solution, though this is not shown in the figure). 



Fig. 7. — Apparent oxygen curves for corrosion of zinc. 


It will be seen from the figure that the slopes of the curves increase 
with increasing concentration. This effect was unexpected, because if 
the rate of oxygen supply is controlling the corrosion mere variation in 
the concentration of the solution would not be expected to have any 
appreciable influence in the conditions of the experiments. The effect 
seems to be connected with the observation that in the stronger solutions 
a greater proportion of the metal surfaces, especially of the under surfaces, 
has become pitted. This is shown in Fig. 8. The cathodes correspond- 
ing to a few pits would probably cover only part of the metal surface, 
but when greater numbers of pits were present a greater proportion of the 
metal surface would probably be functioning as cathodes. The rate of 
oxygen absorption under the former conditions would be less than that 
under the latter 







44 CORROSION OF METALS IN WATER AND SALT SOLUTIONS 

It is obvious that where the rate of oxygen supply is controlling the 
corrosion, any change in the factors which affect the rate of diffusion of 
oxygen through the liquid will affect the rate of corrosion.^® Such 
factors are variations in the depth of the specimens, and variations in the 
cross-section of the liquid surfaces (unless the latter are always very large 
compared with the area of the specimen). The effect of increased 
diameter in increasing the slope can be seen by comparing the initial 
rates of corrosion of ^60 and A68 in Fig. 5, which were both tested 
in 500 c.c. solution, and of A52, though this was tested in 100 c.c. 
of solution. 



Fig. 9. — Detebmination of hydrogen in corrosion tests. 

Results of Hydrogen Measurements 

The corrosion apparatus fitted with platinum wire, which is shown 
in Fig. 1, enabled the amount of hydrogen gas to be determined at inter- 
vals during the course of a test. Some of the curves obtained are given 
in Fig. 9. Assuming that the rate of evolution of hydrogen gas is depend- 
ent on metallic impurities of low overpotential which are liberated by 
the corrosion, then the amount of such impurity would be proportional 
to the total corrosion. As long as the deposition of impurity took place 

It should be noted that in the author's experiments, though convection currents 
due to temperature changes and evaporation are eliminated, a small convection 
effect still remains due apparently to change in density of the surface layer by absorp- 
tion of oxygen. 
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only in such manner as to increase the surface area of low overpotential 
available for the liberation of hydrogen, the rate of hydrogen evolution at 
any time would be expected to be proportional to the total amount of 
impurity present and hence to the total corrosion at that time. Fig. 10 
shows the rate of hydrogen evolution plotted against the total corrosion 
in the case of the test in N/10 KCl solution (J.69). The result is in 
good agreement with these assumptions, as a straight line is obtained 
for a period of about 45 days. The curve subsequently diverges from 
the straight line, and, as wiU be seen from Fig. 9, the rate of hydrogen 
evolution becomes constant. However, the impurities cannot be expected 
to continue to spread superficially, but sooner or later will form aggregates 
so that the rate of hydrogen evolution does not increase proportionally. 



Fig. 10. — Rate of hydrogen evolution plotted against total corrosion. 

Summary 

Some of the principal results of the investigations described here, 
and in greater detail in the papers to which reference has been made, 
may be summarized as follows : 

1. Quantitative measurements of considerable accuracy accord well 
with the view that the main action of the corrosion of zinc in KCl solu- 
tions is electrochemical in character, since the equations characteristic 
of the experimental curves are identical in form with those derived from 
electrochemical considerations based on certain simple and reason- 
able assumptions. 

2. Corrosion-time curves have been obtained for zinc in conductivity 
water and potassium chloride solutions exposed to oxygen gas at a 
pressure of 760 mm. The corrosion in conductivity water is very small 
in comparison with that which occurs even in very dilute KCl solutions. 

3. After a short initial period, the oxygen-absorption curves obtained 
for potassium chloride solutions are generally as follows: 

a. In dilute potassium chloride solutions (N/5000 or weaker) curves 
are obtained of the exponential form y = A{1 — e“*0- Such curves 
are obtained when the oxygen reaching the metal is amply suflBlcient for 
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corrosion and the gradual decrease in the rate of corrosion is produced 
by the decrease in the concentration of chlorine ions. 

h. In stronger KCl solutions the curves are approximately straight 
line, which ultimately fall over into curves becoming parallel to the 
time axis. The straight line portions of the curves may last for as much 
as 100 days in 100 c.c. of N/10 KCl solution. During this period the 
rate of oxygen supply to the metal is the controlling factor. With 
increasing concentration of KCl the slopes of the straight lines increase 
even in similar vessels, up to a maximum at a concentration less than N. 

4. Under the test conditions hydrogen gas is liberated during the 
corrosion of zinc in KCl solutions of concentration N/ 10,000 or stronger 
except when the “spectroscopically pure^^ zinc is used. The evolution 
of the gas can be explained by assuming that impurities of low over- 
potential are set free by the primary corrosion. In the case of N/10 
KCl solution the rate of hydrogen evolution has been shown to be pro- 
portional to the total corrosion for a considerable period; its amount 
may reach 14 per cent, of the total corrosion. 

5. The treatment of the surface of the metal affects the curves 
considerably. Turned specimens may give very different results under 
similar conditions and usually corrode less than annealed specimens. 
To obtain consistent results it has been found necessary to anneal the 
zinc specimens at about 260® C. 
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Some Aspects of Corrosion-fatigue 

By T. S. FtTLLEH,* Schenectady, N. Y. 

(New York Meeting, February, 1929) 

The work of D. J. McAdam, a,t the U. S. Naval Engineering 
Experiment Station, Annapolis, Md., on what has been called by him 
^'corrosion-fatigue^' has focussed the attention of the engineering pro- 
fession in general, and of those interested especially in the study of 
corrosion in particular, on the importance of making tests which will 
indicate as nearly as possible what can be expected from a given material 
in service. Pitting is unquestionably the chief agent operating so 
tremendously to reduce fatigue limits, but in the light of previous 
work®' 4, 5, 6 , 7, 8 [I ig fair iq assume that absorbed hydrogen resulting from 
the action of the corroding medium upon steel may, under certain condi- 
tions, have a perceptible influence. 

The experiments described in this paper deal more precisely with 
stressless corrosion, or "prior-corrosion fatigue,"® and have been carried 
out to test such an assumption, to segregate, if possible, the effect of 
pitting from that of absorbed hydrogen, and although very preliminary 
in nature they indicate results which are striking. 

* Research Laboratory, General Electric Co. 
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Apparatus and Test Specimens 

The Farmer type of rotating beam testing machine for reversed 
bending, operating at a speed of 1800 r.p.m., was used. The material 
tested was per cent, nickel steel containing 0.35 per cent, carbon, 
oil-quenched from 825° C., and drawn back to 600° C. The static 
physical properties of a representative sample were : 

Ultimate strength, 110,000 lb. per sq. in. 

Yield point, 80,000 lb. per sq. in. 

Proportional limit, 75,000 lb. per sq. in. 

Percentage elong. in 2 in., 24. 

Percentage reduction of area, 55. 

The test specimens were similar to those described by Moore and Jasper, 
being 13 in. in length and 0.400 in dia., except at the reduced section in 
the center, the minimum diameter of which was 0.270 in. cut on a 9%-in. 
radius. Specimens were machined with great care, special precautions 
being taken to remove the metal a little at a time in very light cuts to 
avoid disturbing the structure underneath the surface. The reduced 
section was polished with 00 emery. In this set of experiments no 
attempt has been made to determine endurance limits. All tests have 
been carried out at a maximum stress of 90,000 lb. per sq. in., and the 
numbers of cycles required to fracture the specimens, treated in different 
ways, have been compared. The writer is aware that such a method of 
comparison does not meet with the approval of those skilled in the art of 
fatigue testing, and therefore begs the reader to bear in mind the pre- 
liminary nature of this report. 

Uncorroded Specimens 

Four uncorroded specimens. Nos. 1, 2, 3 and 4, Table 1, fractured at 
105,300, 107,100, 127,700 and 140,900 cycles (see Fig. 7). 

Specimens Pickled in 10 Per Cent. Sulfuric Acid 

Four specimens, 5, 6, 7 and 8, were pickled 1 hr. in 10 per cent, 
sulfuric acid; 5 and 6 were tested immediately after removal from the 
bath and 7 and 8 were heated 4 hr. at 130° C. to remove absorbed hydro- 
gen, and tested. The former fractured at 62,000 and 66,500, and the 
latter at 74,400 and 76,900 cycles, respectively. (Fig. 7.) The four 
samples were pickled at the same time and in the same acid. It is 
therefore reasonable to suppose that each suffered pitting to the same 
extent, and that the slightly better life shown by specimens 7 and 8 was 
due to the removal of absorbed hydrogen from these samples. Fig. 1 

H. F. Moore and T. M. Jasper: An Investigation of the Fatigue of Metals. 
Univ. Illinois Bull. 136 (May, 1923) 96. 
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shows a section of the longitudinal surface of specimen 6 at a point 
adjacent to the fracture. 

As Cathode in 5 Per Cent. NaOH Solution 

To determine the effect of absorbed hydrogen in the absence of pitting, 
specimens 9 and 10 were made the cathode in 5 per cent. NaOH solu- 
tion, specimen 9 for 24 hr. and 10 for 48 hr. The anode was platinum. 
Both specimens were tested immediately upon removal from the solu- 
tion, 9 requiring 78,100 and 10 82,400 cycles to fracture. (Fig. 7.) 
The inferior life of these samples can be logically attributed to 
nascent hydrogen. 

Effect of Schenectady Tap Water 

Four specimens, 11, 12, 13 and 14, were kept for 1 week in a glass dish 
through which tap water was flowing. Specimens 11 and 12 were 
broken immediately after removal from the water and required 51,000 and 
35,700 cycles to fracture. Specimens 13 and 14 were tested after heating 
4 hr. at 130° C. to remove hydrogen, if present. It required 41,300 and 
38,100 cycles, respectively, to fracture these specimens. (Fig. 7.) The 
fact that the four specimens gave similar results, regardless of whether or 
not the low temperature anneal was applied, indicates that hydrogen is 
not a factor in the loss of fatigue life sustained by ferrous materials 
during water corrosion at room temperature. 

A study of the surface, adjacent to the fracture, of the water-corroded 
specimens is interesting. McAdam^^ has pointed out that the loss in 
fatigue strength of samples treated in this maimer is due to stress concen- 
tration at the rather deep pits formed with this type of corrosion. The 
way in which fracture occurs through the pits is well illustrated by Fig. 2 
which is an etched portion of the longitudinal section of the surface of 
specimen 11 adjacent to the fracture. The nature of the unetched 
surface, adjacent to the fracture, of the other half of specimen 11, is 
shown by Fig. 3. As in Fig. 2 cracks are to be seen extending from certain 
of the pits. 

It is further interesting to note that an exposure of 1 week to 
Schenectady tap water is far more injurious than 1 hr. in a solution of 
10 per cent, sulfuric acid. 

Protective Coatings 

To prevent the pitting shown in Figs. 2 and 3, two specimens, 15 and 
16, were hot-galvanized, and two others, 17 and 18, were dipped in molten 
tin after which all four were exposed to running tap water for 1 week. 
At the end of the corrosion period, no porosity of either coating was 


” D. J. McAdam, Jr.: Op. cit, Proc. Inst. Metals Div., A. I. M. E. (1928). 
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Fig. 1. — Specimen 6; poetion op subpage adjacent to pkacture. X 20. 

Fig. 2. — Specimen 11 ; portion op surpacb adjacent to fracture. Etched with 
A SOLUTION OP NITRIC AND ACETIC ACIDS. X 20. 

Fig. 3. — Specimen 11; portion of surface adjacent to fracture. Unetched. 
X20. 

Fig. 4. — Specimen 15; longitudinal section near fracture, showing zinc and 
BASE METAL. EtCHED WITH 5 PER CENT. HNO 3 IN ALCOHOL. X 100. 

Fig. 5. — Specimen 18; longitudinal section near fracture, showing tin and 
BASE METAL. EtCHED WITH 5 PER CENT. HNO 3 IN ALCOHOL. X 100. 

Fig. 6. — Specimen 19; portion of surface adjacent to fracture. X 20. 
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indicated by the ferroxyl test.^^ When tested for fatigue, however, 
specimens 15 and 16 failed respectively at 50,500 and 34,300, and 17 and 
18 at 178,800 and 140,900 cycles. (Fig. 7.) The zinc and tin were equally 
effective over the period of 1 week in preventing pit formation. 

The reason for the inferior life of the zinc-coated specimens is disclosed 
by Fig. 4, which is a longitudinal section of specimen 15 at a point near 
the fracture showing zinc coating and base metal. Hair line cracks 
beginning at the junction of zinc and base metal, originating probably in 
the FeZns layer, and extending into the base metal, can be seen. No 
such condition exists in the tin-coated specimens as evidenced by Fig. 5, 
which shows a similar section of tin-coated specimen 18. 

Corrosion by Steam 

Specimens 19 and 20, which were immersed 1 month in an atmosphere 
of 100° C. steam and air, at atmospheric pressure, and tested 72 hr. after 
removal from the bath, required 27,400 and 34,400 cycles to fracture. 
(Fig. 7.) As in the case of samples corroded by tap water, the cracks 
followed corrosion pits as shown by Fig. 6, which is a reproduction of a 
portion of the surface adjacent to the fracture. 

Table 1. — Stressle^s Corrosion Tests on Nickel Steel 


[Maximum Stress = 90,000 lb. per sq. in.] 


Speci- 

men 

No. 

Treatment of Specimen 

, Number of 
’ Cycles Re- 
quired to 
Fracture 

1 

XJncorroded 

1 

105,300 

2 

Uncorroded. . ... .... 

107,100 

3 

Uncorroded. . . . . 

127,700 

4 

Uncorroded .... ... 

1 140,900 

5 

Pickled 1 hr. in 10 per cent. H 2 SO 4 ; tested immediately.. 

62,000 

6 

Pickled 1 hr. in 10 per cent. H 2 SO 4 ; tested immediately . . . 

1 66,500 

7 

Pickled 1 hr. in 10 per cent. H 2 SO 4 ; heated 4 hr, at 130° C 

I 74,400 

8 

Pickled 1 hr. in 10 per cent. H 2 SO 4 ; heated 4 hr. at 130° C 

76,800 

9 

Cathode 24 hr, in 5 per cent. NaOH solution 

78,100 

10 

Cathode 48 hr. in 6 per cent. NaOH solution 

82,400 

11 

Immersed 1 week in running tap water; tested immediately. . 

51,000 

12 

Immersed 1 week in running tap water; tested immediately. . . 

35,700 

13 

Immersed 1 week in running tap water; heated 4 hr. at 130° C . 

41,300 

14 

Immersed 1 week in running tap water; heated 4 hr. at 130° C 

' 38,100 

15 

Hot-galvanized; 1 week in running tap water. . j 

30,300 

16 

Hot-galvanized ; 1 week in running tap water . . 

34,300 

17 

Tin-dipped; 1 week in running tap water 

178,800 

18 

Tin-dipped; 1 week in running tap water 

140,900 

19 

Immersed 1 month in steam + air 

27,400 

20 

Immersed 1 month in steam + air 

34,400 


K. Pitschner: A Rapid and Practical Method of Applying the Ferroxyl Test to 
Protective Coatings. Proc. Am. Soc. Test. Mat. (1927) 27 , 304, 
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Fig. 7. — Chart showing number of cycles of reversed bending stress for 

RUPTURE after VARIOUS TREATMENTS; MAXIMUM STRESS IN ALL TESTS 90,000 LB. 
PER SQ. IN. 


Conclusions 

The experiments are in accord with the assumption that absorbed 
hydrogen is a factor contributing to the loss in fatigue strength exhibited 
by ferrous materials after certain types of corrosion. Of four specimens 
pickled 1 hr. in 10 per cent, sulfuric acid, two which were heated 4 hr. at 
130° C. to remove hydrogen, showed an average "'life” 18 per cent, 
greater than those pickled, but not heated. Two specimens made 
cathode in 5 per cent, sodium hydroxide exhibited no pitting, but showed 
an average “life” 33 per cent, less than that of the uncorroded specimens. 

Serious pitting which caused a loss of 65 per cent, in the number of cycles 
required to fracture, resulted from an exposure of 1 week in tap water. 
The tap water samples which were treated to remove hydrogen, if present, 
showed the same results as those tested immediately after removal from the 
water, indicating that hydrogen is not a factor in this type of corrosion. 

Tin-dipped specimens, subjected to tap water corrosion for 1 week, 
showed an average 'Tife” equal to that of uncorroded specimens. Hot- 
galvanized specimens, similarly treated, showed an average loss of 73 per 
cent, in the number of cycles required to fracture, due probably to 
the brittle character of the bond between steel and zinc coating. 



DISCUSSION 


53 


Specimens immersed in a mixture of wet steam and air for one month 
showed an average loss of 74 per cent, in the number of cycles required 
to fracture. 


DISCUSSION 

[Includes also discussion of paper by D. J. Me Adam, Jr., which begins on page 56.] 

H. F. Moore, Urbana, 111. (written discussion). — The experiments described by 
Mr. Fuller seem to have been chosen to bring out the effect of a number of interesting 
conditions tending to cause corrosion. Mr. Fuller himself notes that the method he 
used for evaluating endurance under repeated stress is not an approved method. He 
used a standard stress of about 80 per cent, of the static ultimate tensile strength. 
Under these conditions the changes in ductility introduced by the various chemical 
treatments would play a large part in the results, probably fully as large a part as 
would the fatigue strength. It is not altogether certain that if tests had been run at a 
lower standard stress the different treatments would have been arranged in the same 
order as regards damage done. It is to be hoped that further experiments can be 
run in which lower stresses are used and in which some attempts can be made to deter- 
mine endurance limit, in order to check qualitatively as well as quantitatively the 
significance of Mr. Fuller’s results. 

F. N. Speller, Pittsburgh, Pa. — Mr. Fuller’s prehminary tests on the influence of 
absorbed hydrogen are suggestive, but it is understood, of course, that he does not 
intend to draw definite conclusions at this time. 

The tests made with caustic soda do not show a decrease in endurance limit with 
time of stressless corrosion. The results would be more conclusive if some of the 
samples had been heated before testing to remove hydrogen. More data on pickling 
and the treatment of the zinc-coated and tin-coated samples would be useful. 

In making further experiments it would seem desirable to include a steel that is 
more susceptible to hydrogen embrittlement than the nickel steel used in these tests. 

In discussing Dr. McAdam’s A. S. T. M. paper in 1926, the possible influence of 
hydrogen on corrosion under stress was suggested, but I had in mind at that time the 
possible relation between the so-called “caustic embrittlement” of steel at steam- 
boiler temperatures and corrosion fatigue, the effect of hydrogen in this connection 
apparently being to weaken the bond between the grains by reduction of 
oxide inclusions. 

Dr. Me Adam has again placed us under great obligation for the masterly way in 
which he has obtained and presented new data on the effect of time and stress cycles 
on corrosion-fatigue. It is to be regretted, however, that he has not seen fit to sum- 
marize his conclusions in bnef form, as no one is so well able to do this as Dr. Me Adam, 
However, the separate effect of each of these factors will be seen after a careful study 
of the various graphs. 

Dr. McAdam is quite correct in saying that these graphs require and deserve very 
careful study. At the same time I do not see why he should not state tentatively 
his conclusions, rather than wait until the work has been finished. 

The striking reduction in fatigue limit by “corrosion-stress” in brackish water 
compared with tests in fresh water, as shown in Fig. 1, is significant and suggestive of 
the use that can be made of corrosion-fatigue as a measure of the film-building rate 
in various solutions. 

Static corrosion tests would be useful for comparison in these waters, but in the 
absence of better data the A. S. T. M immersion tests in this brackish water (one-sixth 
sea water) and in fresh tap water (of Washington, D. C.) show the former to be less 
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corrosive, and suggest that the opposite results obtained under corrosion-stress are 
probably due to the inability of the brackish water to repair the protective surface 
film when the metal is under rapidly alternating stress. 

We have shown that the reduction in fatigue limit may be prevented by adding 
sodium dichromate to the water, to increase the film-building power of the water. 
The amount of passifier required depends on the composition of the water, but in some 
cases (where the chloride contents are very high, for example) the destructive effect 
of the stress and other factors cannot be entirely neutralized. 

However corrosion is studied, one is fairly sure to find that it leads to a study of 
metal surface film equilibrium. The resultant of the various forces which either tend 
to build up or to destroy these films determines the ultimate damage to the metal. 

The rapidity with which a passive film is reformed is indicated by the fact that 
200 p.p.m. sodium dichromate in tap water is sufficient to give complete protection 
under corrosion-stresses at 1400 r.p.m., although immersion for several hours m this 
solution without stress will not materially prolong the life of the metal when later 
exposed under corrosion-stress in the same water without the inhibitor. 

This method also enables measurements to be made of the destructive effect of 
concentration cells and other localized corrosion on protective films, but that is 
another story. 

D. J. McAdam, Jr. — The object of my investigation was to study quantitative 
relationships between four variables. These relationships are represented in the 
paper by the diagrams. The diagrams, therefore, are the conclusions. 

Mr. Fuller's paper serves a useful purpose in drawing attention to the possibilitv 
that at least part of the damage caused by corrosion is due to weakening of the metal 
by absorption of a foreign substance. In my own papers on corrosion of metals under 
cyclic stress I have emphasized the damaging effect of stress concentration at the 
bottoms of corrosion pits. Nevertheless there is the possibility that part of the effect 
of corrosion in lowering the fatigue limit may be due to weakening of the metal by 
absorption of a foreign substance. I believe, however, that no convincing evidence 
has yet been presented that such possible weakening of the metal is due to hydrogen. 
It seems more probable that weakening may be due to absorption of oxygen in the 
surface layer of metal. 

I am inclined to agree with Mr. Fuller that the effect of hydrogen is negligible in 
lowering the fatigue limit of metals' in contact with water. It does not seem, however, 
that he has yet proved that hydrogen causes damage under corrosion in contact with 
sulfuric acid or alkali. I should like to illustrate this by a diagram. 

In investigation of fatigue we do not get a correct perspective unless we consider 
the entire stress-cycle graph. This is illustrated by Fig. 8, in which graphs are plotted 
on a semilogarithmic scale. Mr. Fuller's experiments are represented by the graphs 
at an ordinate of 90,000. The ranges of number of cycles required to cause failure 
are represented by the widths of the various graphs. As shown in his paper, the range 
of number of cycles for his four specimens tested in air is about 34 per cent. (If the 
two zinc-coated specimens, which endured a greater number of cycles, are included, 
the range for the entire six specimens is 70 per cent.) This range seems very large, 
but when the graph is extended down toward a horizontal asymptote, as shown in the 
figure, the range of fatigue limits is only about 5 per cent. 

For the specimens tested in sulfuric acid, the range of numbers of cycles is only 
24 per cent. For specimens tested in water the extreme range is about 42 per cent. 
These percentage ranges, therefore, are of about the same order as for the four speci- 
mens tested in air. There is no more evidence presented that hydrogen is an important 
cause of damage by sulfuric acid than of damage by water. 
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Mr. Fuller shows that caustic soda lowers the fatigue limit, but comparison tests 
are needed with specimens that have been treated with caustic soda and then treated 
for removal of hydrogen before determining the fatigue limit. 

I do not believe, therefore, that time is saved by making tests at stresses far above 
the fatigue limit and comparing numbers of cycles. A much better method is to 
make the fatigue tests for corroded steel at stresses that will cause failure between 
1,000,000 and 10,000,000 cycles. For each test, the fatigue limit may then be approxi- 
mately determined by drawing a curve parallel to the ordinary fatigue graph. 

Mr, Fuller has some excellently planned experiments under way. These should 
lead to results of great value. 



T. S. Fuller. — With respect to Professor Moore’s discussion, it has been very 
definitely pointed out in the paper that it has been recognized that the method of 
comparing results obtained at a smgle stress does not meet with the approval of those 
skilled in the art of fatigue testing, and for this reason that this paper must be con- 
sidered to be of a preliminary nature. 

I agree with Mr. Speller that the experiments with caustic soda and sulfuric acid 
would have been more conclusive had other specimens similarly treated been heated 
to remove absorbed hydrogen and subsequently tested. 

Dr. McAdam referred to the possible effect of the absorption of hydrogen in surface 
film of steel. Such an effect is not necessarily confined to the surface^ for the reason 
that hydrogen is known to diffuse quite rapidly through iron at room temperature. 

Dr. McAdam is of the opinion that the loss in fatigue life of specimens exposed 
to sulfuric acid and sodium hydrate has not been proved to be due to absorbed hydro- 
gen. Perhaps this is true. It is, however, apparent that the terms “reasonable to 
suppose” and “logically attributed,” used in the paper are justified by the 
evidence offered. 


Corrosion of Metals as Aifected by Stress, Time, and 
Number of Cycles* 

By D. J. McAdam, jB.,t Annapolis, Md. 

(New York Meeting, February, 1929) 

Part I — Outline of Investigation, Description op Material 

AND Methods 

Previous Investigation of Corrosion-fatigue 

Results of investigation of corrosion-fatigue of metals at the U. S. 
Naval Engineering Experiment Station have been presented by the 
author in four papers. In those papers references were given to 
the work of Haigh in 1917.® The investigation at Annapolis included a 
variety of ferrous and non-ferrous alloys. The experiments showed that 
even slight corrosion simultaneous with fatigue may cause failure at 
stresses far below the ordinary endurance limit. The experiments also 
showed that, for most metals, severe stressless corrosion prior to fatigue 
is much less damaging than even slight corrosion simultaneous with 
fatigue. The term “corrosion-fatigue” was restricted to mean the 
simultaneous action of corrosion and fatigue. The combined effect of 
corrosion followed by fatigue was called “prior-corrosion fatigue.” 

A stress-cycle graph representing corrosion-fatigue is a curve 
approaching a horizontal asymptote, the ordinate of which may be 
called a “corrosion-fatigue limit.” To avoid confusion in later discus- 
sion, the term “endurance limit” will be restricted to mean the fatigue 
hmit obtained by tests in air with specimens as free as possible from stress 
concentration and from corrosion. The endurance limit as thus obtained 
presumably represents an inherent property of the metal. 

* Published by permission of the Secretary of the Navy, 

f Metallurgist, U. S. Naval Engineering Experiment Station. 

ID. J, McAdam, Jr.: Stress-strain-cycle Relationship and Corrosion-fatigue of 
Metals. Proc. Am. Soe. Test. Mats. (1926) 26, Pt. II, 221 

2D. J. McAdam, Jr,: Corrosion-fatigue of Metals as Affected by Chemical 
Composition, Heat Treatment and Cold Working. Trans, Am. Soc. Steel Treat. 
(1927) 11. 

2D. J. McAdam, Jr.: Corrosion-fatigue of Non-ferrous Metals. Proc, Am. Soc. 
Test. Mats. (1927) 27, Pt. II, 102. 

^ D. J. McAdam, Jr.: Fatigue and Corrosion-fatigue of Metals. Presented at 
International Congress for Testing Mats., Amsterdam, September, 1927, and pub- 
lished in the Congress Proceedings, 

® B. P. Haigh: Experiments on the Fatigue of Brasses. Jnl, Inst. Metals (1917) 66. 
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A tentative analysis of the corrosion-fatigue process was given 
by the author in his paper presented at the International Congress for 
Testing Materials. According to this analysis, if the initial stress is 
below the endurance limit but above the corrosion-fatigue limit, the 
corrosion-fatigue process is divided into two periods. The first period is 
the formation of pits. As the initial stress is below the endurance limit, 
such pit formation is assumed to be due to electrolytiic solution pressure, 
not to ordinary fatigue. The electrolytic solution pressure that causes 
the pitting, however, is possibly not the solution pressure of stressless 
corrosion, but an enhanced solution pressure due to the cyclic stress. 
Whatever may be the reason, a metal under cychc stress behaves as if the 
solution pressure were increased by the cyclic stress. 

As the pit progresses, both the actual stress and the effective solution 
pressure increase. The increase of actual stress is due to the stress 
concentration at the bottoms of the pits. The increase of effective 
solution pressure is due to the increase of actual stress. 

The mutual intensification of stress and solution pressure continues 
until the actual stress at the bottoms of the pits surpasses the endurance 
limit. The second period of corrosion-fatigue then begins. In this 
period the process is merely fatigue accelerated by the corrosion. 
The cracks advance at a continually accelerated rate until the 
specimen breaks. 

Previous Investigation of Effect of Cyclic Stress on Corrosion 

According to this analysis of the corrosion-fatigue process, the depth 
and sharpness of the pits formed in the first period of corrosion-fatigue 
depend not only on the natural susceptibility of the alloy to corrosion 
pitting, but also on the influence of cyclic. stress on corrosion pitting. 
Knowledge of the effect of cyclic stress on corrosion pitting, therefore, is 
necessary for an understanding of corrosion-fatigue. As very little was 
known about the effect of cyclic stress on corrosion, an investigation of 
this subject was started at the Naval Engineering Experiment Station. 
Some results of the investigation were presented in two papers.®*'^ 
These results have not only thrown light on the corrosion-fatigue process 
but have made it possible to view the corrosion-fatigue process as part of a 
broad subject, the influence of stress, time and number of cycles 
on corrosion. 

These two papers discussed the effect of cyclic stress on corrosion of a 
number of ferrous and non-ferrous metals. The effect of corrosion under 
cychc stress was estimated by observing the resultant change in the 
fatigue hmit. The fatigue limit of the previously corroded specimen was 

« D. J. McAdam, Jr. : Corrosion of Metals as Affected by Time and by Cyclic 
Stress. Proc. Inst. Metals Div., A. I. M. E, (1928) 571. 

D. J. Me Adam, Jr. ; Some Factors Involved in Corrosion and Corrosion-fatigue 
of Metals. Proc, Am. Soc. Test. Mats. (1928) 28, Pt. II. 
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compared with the endurance limit of the alloy. For this purpose, 
specimens were subjected to corrosion at various cyclic stresses from 
zero to the corrosion-fatigue limit, for various times, and at various cycle 
frequencies. The specimens were then oiled and subjected to fatigue 
test at 1450 r.p.m. in air. Each experiment, therefore, consisted of two 
stages, a corrosion stage and a fatigue stage. The lowering of the fatigue 
limit due to the corrosion was used as a criterion of the depth and sharp- 
ness of the corrosion pitting. 

Results of the stage 2 fatigue tests were presented in ordinary stress- 
cycle graphs. From the fatigue limits obtained by means of these 
type 1 graphs, several other types of graphs were derived to illustrate 
the effect of cyclic stress, time, and number of cycles. 

Outline of Continued Investigation of Effect of Cyclic Stress on Corrosion 

As shown in the two papers just mentioned, penetration of metal 
under corrosion depends on three variables (in addition to others) : stress, 
time, and number of cycles. The object of the investigation described 
in the present paper was to study further the effect of these three variables 
on the fatigue limit. The interrelationship of four variables, therefore, 
is to be considered. 

In investigating this subject the method of experiment was that 
described in the two previous papers.®'^ Each experiment consisted 
of two stages. In the first or corrosion stage the specimen was subjected 
to cyclic stress while in contact with water. In the second or fatigue 
stage, the corroded specimen, after being oiled, was subjected to fatigue 
test at 1450 r.p.m. in air. 

The term “corrosion-stress” will be used to designate the cyclic 
stress used in the first or corrosion stage. The term “fatigue limit” 
or “resultant fatigue limit” will be used to designate the fatigue limit 
as obtained by stage 2 tests. 

The interrelationship of corrosion-stress, time, number of cycles, 
and fatigue limit, is illustrated in the paper by graphs of various types. 
Some of these types were used in the two previous papers last mentioned. 
Seven additional types, however, have been developed. Three-dimen- 
sional representation of the stress-time-cycle relationship has also 
been- discussed. 

Machines and Specimens 

The rotating cantilever machines and specimens have been described 
in previous papers.®*^ The conically tapered specimen is so designed that 

Frequent reference is made to these two papers, therefore the footnote is not 
repeated. The complete references are given near the beginrdng of this paper. 

8D. J. Me Adam, Jr.: Endurance of Steels under Repeated Stress. Chem, <fc 
Met. Eng. (1921) 26, 1081. 

J. McAdam, Jr.: Endurance Properties of Steel: Their Relation to Other 
Physical Properties and to Chemical Composition. Proc. Amer. Soc. Test. Mats. 
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the maximum stress is in. out from the inner fillet, and the stress 
varies only about 1.5 per cent, over a length of 1.5 in. With this specimen, 
therefore, a comparatively large region may be subjected to simultaneous 
corrosion and cyclic stress. 

The method of alternate longitudinal and transverse polishing of 
specimens has been previously described.®*^® The surface finish by this 
method is suflSciently smooth to permit examination of the structure at 
a magnification of 100. Details of machining and pohshing are tabu- 
lated and kept on file at the Naval Engineering Experiment Station. 
This information is available for those who are interested. 


The Corrosion Stage 

In the corrosion stage, the specimens described, while under cyclic 
stress, were corroded in a water stream, which was diagonally applied so 
as to surround with water the tapered portion of the specimen. Speci- 
mens were thus corroded under various stresses and cycle frequencies, 
for various times and numbers of cycles. 

In these experiments two kinds of water were used, the carbonate 
water and the Severn River water that were used in experiments described 
in previous papers.^*®'^*^ In Severn River water the salt content 
averages about one-sixth that of sea water. 


Material j Chemical Composition and Heat Treatment 

Material for this investigation was obtained in the form of round rods 
% or 1 in. dia. The chemical composition of the alloys used is given in 
Table 1. Details of heat treatment are given in Table 2. 

Table 1. — Chemical Composition of Material 


All Values are Averages of at Least Two Determinations, Usually More 


Material 

Designation 

Carbon* 

Per Cent. 

Manganese, 
Per Cent. 

Phosphorus, 
Per Cent 

Sulfur, 

Per Cent. 

J 

.2 S3 

Nickel, 

Per Cent. 

Chromium, 
Per Cent. 

Ingot iron 

IZ 

0.018 

0.016 

0.005 

0.031 

0.002 



0.24 per cent, carbon steel. 

IH 

0.24 

0.57 

0.005 

0.036 

0.006 



High-carbon steel 

EM 

1.09 

0.33 

0.023 

0.015 

0.28 



Silicon-nickel steel 

HG 

0.47 

0.87 

0.013 

0 015 

1.58 

3.11 

0.32 

Nickel steel 

IW 

0.28 

0.50 

0.015 

0 036 

0.19 

3.70 

0 26 

Chromium-nickel steel . . . 

BC 

0.28 

0.69 

0.014 

0.016 

i 0,21 

1.51 

0.73 

Chromium-nickel steel. . . 

AY 

' 0.43 

1 

0.60 

0.0231 

0.016 

0.21 

2.16 

0.95 


D. J. McAdam, Jr. : Endurance Properties of Alloys of Nickel and of Copper, 
Trans, Amer. Soc. Steel Treat. (1925) 7, 54, 217, 281. 





60 CORROSION AS AFFECTED BY STRESS, TIME, AND NUMBER OF CYCLES 


Table 2. — Heat Treatments of Material 


Material 

Designation 

Heated 
to — 
Deg. F. 

j 

Time 
Held, I 
Min. 1 

! 

Cooled in 

Re- 
heated 
to — 
Deg. F. 

Time 

Held, 

Min 

Cooled m 

Ingot iron ' 

IZ-17.5 

1750 

45 

Furnace 




0.24 per cent, car- 








bon steel 

IH-W-9 

1650 

60 

Water | 

900 1 

120 

Air 

0.24 per cent, car- 








bon steel 

m-16.5 j 

1650 

60 

Furnace 




EGgh-carbon steel, . . 

EM-14.76 

1475 

60 

Furnace 




Nickel steel 

IW-W-9 

1450« 

60 

Water 

900 

120 

Furnace 

Nickel steel 

IW-W-10 

1450“ 

60 

Water 

1000 

120 

Furnace 

Nickel steel 

IW-W-11 

1450“ 

60 

Water 

1100 

120 

Furnace 

Nickel steel 

IW-14.5 

1450 

60 

Furnace 

i 



Silicon-nickel steel . 

HG-0-7.5 

1500 

60 

Oil 

750 

60 

Air 

Chromium-n i c k e 1 








steel 

BC-W-10 

1550 

60 

Water 

1000 

120 

Furnace 

Chromium-n i c k e 1 








steel 

AY-W-10 

1500 

60 

Water 

1000 

120 

Furnace 


“ Previously heated to 1675° F., held 60 min., cooled in air. 


Tension and Impact Tests 

Results of tension and Charpy impact tests are given in Table 3. 
In this table, elastic limit means the highest stress that leaves no 
appreciable permanent deformation after removal of the load; ''proof 
stress'^ means the stress that results in a permanent deformation of 
0.0001 in. per in. of length after removal of the load. 

Part II — Effect of Cyclic Stress Range on Corrosion, as Illus- 
trated BY Type 2 Graphs 

Effect of Stresses below Corrosion-fatigue Limit 

The results of stage 2, or fatigue, tests may be expressed in the usual 
stress-cycle graphs. Such graphs on a semilogarithmic scale were 
presented in two previous papers.®-^ From these graphs the fatigue 
limits of the previously corroded specimens were obtained. The estima- 
tion of fatigue limits from relatively few individual results is made easier 
by the fact that the stress-cycle graph for a corroded specimen, at least 
between abscissas corresponding to 1 and 10 million cycles, is nearly 
parallel to the ordinary endurance graph. The method of obtaining 
fatigue limits is illustrated in the two previous papers. 

To save space in this paper the stress-cycle graphs have been omitted. 
The fatigue limits obtained from these graphs, however, are utilized in 
graphs of other types to illustrate the relationship between corrosion- 
stress, time, number of cycles, and the resultant fatigue limit. 



Table 3. — Results of Tension^ Charpy and Endurance Tests 
Averages and Mean Departures from Averages 
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Endur- 

ance 

Limiti 

Rotating 

Canti- 

lever 

Lb. per 
Sq. In. 

O 

© 

o 

37,000 

24,000 

42,000 


64,000 


o 

o 

o 

d 

00 

o 

tH 

000*89 

76,000 

t 

Charpy 

Impact 

Value, 

Ft -lb. 

oo* 

a 

oo-^n 

CSIO 

W(M 

a 

OCO 


o 

d 


^05 

dd 

10+, 

8.6 
±0 6 

oo 

doo 

CO+, 


Unless otherwise indicated, each value is the average of two deterixunations, except endurance values, 
a Average of 3 determinations. d =» Average of 11 determinations. 

b =a Average of 6 determinations. c =» Average of 19 determinations. 

a «= Average of 7 determinations. » Average of 23 determinations. 

Reduc- 
tion of 
Area 

Per Cent. 

0 60 

a 

TWO 

OOO 

69. 7« 
±1 8 

50 8 
±2.4 

pO ^ 

06 1- 

od 

Sb“ 

sS 

oo 

dd 

0+1 

a 

M5U5 

cod 

MtH 

00*1-4 

WtO 

dd 

0+, 

d 

k bA 
.2 

W*-gN 

bO 

47.0 

e 

<OtH 

a 

OCO 

Oil-* 

CO+, 

29.6 

±1.3 

?<o 

00 

V. 

OOO 

dd 

03^ 

COtp^ 

«-H 

OOO 

06 d 

N+i 

a 

”co 

‘»d 

•H 

^00 

©d 

xo 

CD t-H 

Propor- 

tional 

Limit 

d* 

10,600 

±600 

a 

o§ 

oco 

oeo 

a 

OO 

oo 

T^tH 

49,600 
± 2,300 

Is 

dd 

;i+i 

94,300/ 

±2,600 

li 

lCc3 
00 +, 

Is 

oocc 

cod 

155,000® 
± 10,000 

is 

ox 

dd 

2+1 

OO 

oo 

WN 

dd 

2-h 

Elastic 

Limit 

10,800 

±300 

63,700® 
± 6.800 

28.000® 

56,800 

±3,700 

oo 

Si 

cod 

S-H 

110,000/ 

±3,700 

S>o 

oo 

«qo6 

dd 

0+1 

oo 

dd 

»o+l 

oo 

oo 

t-co 

dd 

2+1 

S>o 

dco 

S-H 

136,200- 
± 3,300 

Proof 

Stress 

. per Sq. I 

15,000 

54,300® 
± 5,600 

OO 

oo 

oo 

co+j 

60,600 

±2,900 

So 

i§ 

tCd 

S+1 

114,000/ 

±3,000 

8§ 

CON 

dd 

2+1 

69,600* 
± 1,600 

203,000® 

±8,700 

122,600** 

±3,600 

Is 

tH 

COCO 

2+1 

Johnson’s 

Limit 


15,000 

55,700® 

±5,100 

is 

60,300 
± 2,800 

is 

oco 

dd 

114,000/ 

±3,000 

oB 

1 C300 

dd 

®+t 

[ 

00,600- 
± 1,000 

a 

SS 

r-co 

dd 

§+l 

S>o 

i§ 

dd 

2+1 

Is 

i-Td 

3+1 

Tensile 

Strength 

42,600 

±300 

§§ 

00 00 
*^+l 

11 

103,400 

±4,100 

oo 

oo 

N<D 

dec 

;2;+! 

128,100/ 
± 2,800 

is 

Ntq 

dd 
1^1 +1 

1 

90,200- 

±1,700 

261,300® 

±3,100 

Is 

r-»o 

2-H 

167,800- 

±3,100 

Designation 

iO 

r-’ 

tH 

© 

IH-16.5 

EM-14.75 

o 

IW-W-10 

IW-W-11 

»£3 

M 

to 

r- 

4 

6 

w 

BC-W-10 

AY-W-10 

Condition 

Annealed 

Quenched 
and Drawn 

Annealed 

Annealed 

Quenched 
and Drawn 

Quenched 
and Drawn 

Quenched 
and Drawn 

Annealed 

Quenched 
and Drawn 

Quenched 
and Drawn 

Quenched 
and Drawn 

Material 

Ingot iron 

0.24 per cent- carbon steel 

0 24 per cent, carbon steel 

Hign-carbon steel 

Nickel steel 

Nickel steel 

Nickel steel 

Nickel steel 

Silicon-nickel steel 

Chromium-nickel steel. ... 

Chromium-mckel steel 
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To represent by two-dimensional graphs the effect of corrosion-stress 
on resultant fatigue limit, the two other variables, time and number of 
cycles, must be held constant. Such graphs, called type 2 graphs, were 
presented in the two previous papers. 

In Fig. 1 are shown type 2 graphs for carbon and alloy steels having 
a wide range of physical properties. Abscissas represent corrosion- 
stresses and ordinates represent resultant fatigue limits. Curves 1 and 
2 in this figure represent results obtained by corrosion in fresh and salt 
water respectively. The corrosion time for each of these tests was 10 
days, the cycle frequency 1450 r.p.m., and the total number of cycles 
about 20 million. 

Type 2 graphs for some of these same materials were presented in a 
previous paper.^ Since that time, however, additional results have been 
obtained which throw more light on some of the relationships. 

Comparison of the ordinate of each of these graphs at its origin with 
the endurance limit of the metal, as listed in Table 3, shows that stressless 
corrosion for 10 days has lowered the fatigue limit considerably. The 
form of this type 2 graph, for carbon and ordinary alloy steels, has been 
described in the two previous papers. It was also pointed out in one of 
these papers^ that the abscissas at which all these graphs first become 
nearly vertical differ only slightly for steels having a wide range of 
physical properties and chemical composition. The abscissa, about 
7000 or 8000, at which the graph becomes nearly vertical was called a 
“notching stress” or “notching limit,” because the dip in the type 2 
graph corresponds to a change in the corrosion pits from the shallow pits 
of stressless corrosion to sharp, deep circumferential notches. It was 
also pointed out in that paper that the notching stresses for fresh and 
salt water are nearly the same. 

The fact that the type 2 graph for ordinary steels, after its first steep 
descent, turns outward and becomes nearly horizontal before its final 
steep descent to the axis of abscissas, was discussed in the previous 
papers under the heading “Notch Depth Limitation.” As a possible 
cause of this outward turning of the graph, it was suggested that with 
increase in notch depth the accumulation of corrosion products retards 
corrosion and thus opposes the effect of increasing stress. For this 
reason increase in corrosion-stress above the notching limit was assumed 
to have little effect on notch depth until, through stress concentration, 
the actual stress at the bottoms of the notches reached the endurance 
limit of the metal. The final descent of the graph to the axis of abscissas 
evidently corresponds to the second period of corrosion-fatigue described. 

In the two previous papers it was suggested that the form of the nearly 
horizontal part of the type 2 graph might be influenced by another 
factor. As the notch depth increases during corrosion, and as the actual 
stress at the bottoms of the notches rises and approaches the endurance 
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Fig. 1. — Effect of corrosion-stress on fatigue limit, type 2 graphs. 
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limit, it is possible that the endurance limit of the metal at the bottoms 
of the notches may be raised. In one of the previous papers’^ evidence 
was presented that for some steels the type 2 graph actually turns upward 
before its final descent to the axis of abscissas. This tended to confirm 
the suggestion that the form of the graph is influenced by the raising of 
the endurance limit at the bottoms of corrosion notches. It seemed 
desirable, however, to investigate this subject more fully and determine 
definitely whether, for some steels at least, the type 2 graph actually 
turns upward before its final descent. Additional evidence on this point, 
therefore, is presented in Fig. 1. 

In the upper row of this figure are three sets of graphs, portions of 
which were presented in a previous paper."^ As illustrated by the graph 
for material IH-16.5, and possibly for material IH-W-9, there is an 
indication that the fresh-water graphs turn upward just to the left of 
their final descent to the axis of abscissas. In the second row the fresh- 
water graph for material AY-W-10 gives the same indication. 

To study further the form of the graph as affected by heat treatment, 
experiments were made with nickel steel that had been given four differ- 
ent heat treatments. The graphs obtained are those for materials 
IW-W-9, IW-W-10, IW-W-11, and IW-14.5. The first three were 
quenqhed and drawn at the indicated temperatures; the last named was 
fully annealed. The graphs are arranged in order of decreasing hardness 
of material. One of these graphs, that for material IW-W-10, was 
presented in a previous paper.^ 

It will be observed that the fresh-water graphs for materials IW-W-9, 
IW-W-11, and IW-14.5, and the salt-water graphs for materials IW-W-10 
and IW-14.5, all show indication of an upturn just to the left of the 
final descent. The fresh-water graph for material IW-W-10 probably 
would show the same upturn if additional specimens were tested at 
suitable corrosion-stresses. 

In the fresh-water graph for material IW-14.5, however, the upturn 
is prominent. The form of this graph is established by numerous indi- 
vidual tests. The rise begins at an abscissa corresponding to a stress of 
about 11,000, from which point the graph curves upward to an abscissa of 
about 20,000, then curves gradually downward until it begins a nearly 
vertical descent at an abscissa of about 24,000. As shown by this 
graph, corrosion-stress of 20,000 lb. per sq. in. lowers the resultant 
fatigue limit less than does corrosion-stress of 10,000 and no more than 
does corrosion-stress of 8000 lb. per square inch. 

In view of the evidence presented, all the fresh-water graphs in Fig. 1 
have been drawn with a slight rise above, and to the left of, the 45° line, 
though in some graphs enough individual points are not available to 
necessitate the drawing of an upturn in the graph. In view of the 
present evidence, all the fresh-water type 2 graphs in a previous paper^ 
should probably have been drawn with the upturn. 
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The fact that the fatigue limit is elevated by the action of corrosion- 
stresses below the corrosion-fatigue limit tends to confirm the analysis 
of the corrosion-fatigue process given in several recent papers and 
discussed briefly in Part I of the present paper. The conclusion seems to 
be well established that at the end of the first period of corrosion-fatigue 
the actual stress at the bottoms of the pits' is at the endurance limit, 
though the nominal stress may be as low as the corrosion-fatigue limit. 

That in ordinary fatigue tests the endurance limit of a metal can be 
elevated by cyclic stress not far below the original endurance limit is 
established by numerous scattered experiments reported by a number of 
investigators. As indicated in the fresh-water graph for material IW- 
14.5 in Fig. 1, the strengthening effect of cyclic stress is appreciable at 
corrosion-stresses less than half the corrosion-fatigue limit, and reaches a 
maximum at corrosion-stresses slightly below the corrosion-fatigue limit. 
This suggests the possibility that for ordinary fatigue tests in air the 
strengthening effect of imderstressing may be appreciable at stresses far 
below the original endurance limit. There is need for further investiga- 
tion of this subject. 

It is of interest to consider the position of each type 2 graph in Fig. 1 
with reference to the diagonal broken line. In these graphs, the final 
reversal of curvature and the beginning of the steep descent to the axis 
of abscissas is above and to the left of the intersection of the graph 
with the diagonal line. In some of the graphs, such as the graph for 
materials AY-W-10, IW-W-11, IW-14.5, and in some of the graphs 
presented in previous papers®’"^ the final reversal of curvature is consider- 
ably above and to the left of the 45® line. According to the analysis 
mentioned, of the corrosion-fatigue process, the second period of the 
process begins when the actual stress at the bottoms of the notches 
reaches the endurance limit, and hence when the resultant fatigue limit 
has been reduced to equality with the corrosion-stress. Hence, if there 
were no strengthening of the metal at the bottoms of the notches, it 
would be expected that the final reversal of curvature would be exactly 
at the intersection with the 45® line. The fact that the final reversal is 
to the left of the intersection of the graph with the 45® line is probably 
due to the opposing influences of ^veral factors. 

These factors may be illustrated by reference to the graph for material 
IW-14.5 in Fig. 1. As indicated by this graph, with increase in corrosion 
stress from about 11,000 to 20,000, the resultant fatigue limit, and 
hence the endurance limit of the metal at the bottoms of the notches, is 
elevated. With this increase in the corrosion-stress, however, there is a 
slight increase in the depth and sharpness of notches, and hence some 
increase in stress concentration. The local hardening of the metal also 
tends to increase the stress concentration. As the corrosion-stre^ is 
increased the effect due to local elevation of the endurance limit at first 
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predominates. The increasing stress concentration due to increase in 
notch depth and to local increase in hardness, however, finally counter- 
balances the effect of increasing endurance limit. With further increase 
in corrosion-stress the effect of increasing stress concentration overbal- 
ances the effect of increasing endurance limit. It seems probable that 
the gradually descending portion of the graph for material IW-14.5 
between abscissas of 20,000 and 24,000 is due largely to increasing stress 
concentration caused by hardening of the metal at the bottoms of 
the notches. 

It was suggested in a previous paper^ that there may be a third cause 
for the outward turning of the type 2 graph after its first steep descent. 
This third possible cause was not discussed in that paper. Results to 
be presented in the present paper indicate that the outward curvature 
of the type 2 graph represents a real relationship between corrosion-stress 
and resultant fatigue limit. The influence of accumulating corrosion 
products in retarding corrosion at the bottoms of the notches is now 
believed to be a relatively small factor in giving the complex form to the 
type 2 graph. This complexity of form is due chiefly to complexity of 
the actual relationship between the corrosion-stress and resultant fatigue 
limit. As explained above, however, this form is somewhat modified by 
the strengthening of the metal at the bottoms of the notches. 

The relation between the salt-water and fresh-water graphs is more 
clearly indicated in Fig. 1 than in the previous paper."^ As here shown, 
some of these salt-water graphs are entirely distinct in position from the 
fresh-water graphs. Though in the first steep descent the two graphs 
nearly coincide, they usually start at slightly different levels and the 
final reversal of curvature is at entirely different levels. The relation of 
the salt-water graphs to the diagonal broken line is similar to the relation 
of the fresh-water graphs to the same line. 

Extension of Field of Investigation to Include Corrosion-stresses between 
Corrosion-fatigue Limit and Endurance Limit 

In the investigation of corrosioir by means of two-stage tests pre- 
viously described the corrosion-stress has been below the corrosion- 
fatigue limit. As the corrosion-fatigue hmit for carbon and ordinary alloy 
steels is low, while the endurance limit may be high, it seemed desirable to 
extend the field of investigation so as to include the effect of corrosion- 
stresses ranging from zero to the endurance limit. By thus extending the 
field, it was hoped that much more light would be thrown on the influence 
of stress, time, and number of cycles than had been possible while the 
investigation was confined to the relatively narrow range of corrosion- 
stresses between zero and the corrosion-fatigue limit. In using corrosion- 
stresses above the corrosion-fatigue limit, however, there is danger of 
carrying the corrosion stage so far that the first period of corrosion-fatigue 
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may be exceeded and the second stage entered. In this second stage, the 
actual stress at the bottoms of the notches would be above the endurance 
limit, and the progress of pitting would be due to fatigue as well as to 
corrosion. For purposes of this investigation, evidently, the second or 
fatigue period of corrosion fatigue must be avoided; the actual corrosion- 
stress must be kept below the endurance limit. 

There is a definite criterion, however, which indicates whether or 
not the first period of corrosion-fatigue has been exceeded in the corrosion 
stage. If the resultant fatigue limit is not less than the corrosion-stress, 
the first period of corrosion-fatigue has not been exceeded. If the result- 
ant fatigue limit is less than the corrosion-stress, the actual stress at the 
bottoms of the notches* has exceeded the endurance limit. To avoid 
fatigue in the corrosion stage, therefore, the resultant fatigue limits must 
be kept above the 45® lines shown in Figs. 1 and 2. By keeping within 
the area above this 45® line, it has been found possible to extend the field . 
of investigation to include corrosion-stresses between zero and the 
endurance limit. 

In Fig. 2 are shown results of some tests in which the field of investiga- 
tion of the type 2 graph has been thus widened. In some of the tests 
presented in this figure the corrosion-stresses were far above the corrosion- 
fatigue limit. In most of these two-stage tests, as shown by the position 
of the plotted points with reference to the 45® line, the first stage has been 
kept within the first or corrosion period of corrosion-fati^e. In some 
tests the corrosion stage has been carried beyond the first period of 
corrosion-fatigue. In the experiments represented in Fig. 2 and in all the 
following figures the corrosion medium was the previously described 
carbonate water. 

The two series of graphs in Fig. 2 are type 2 graphs representing the 
effect of stage 1 tests at 1450 r.p.m. and 50 r.p.m., respectively, and 
for various corrosion times (and number of cycles). Each graph is 
designated by number indicating the corrosion time. The small circles 
representing experimental results are so designated only if they are not 
adjacent to corresponding graphs. 

It was shown in a previous paper^ that with increase in time and 
number of' cycles in stage 1 the type 2 graph is moved downward and to 
the left. The results presented in Fig. 2 confirm the conclusion that 
the position and form of the type 2 graph vary with the time and number 
of cycles in the first stage. 

The ordinates of the various graphs at the origin have been taken from 
a type 5 graph (yet to be described) made up of results of stressless 
corrosion tests for various times. The exact forms and positions of the 
various graphs have not been accurately determined, but they have 
been drawn with decreasing abruptness of reversal of curvature as the 
graph is moved upward and to the right. This is based on evidence to 
be presented later. 
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Instead of utilizing the type 2 graph further in this investigation, 
however, new types of graphs were developed, which proved more gener- 
ally useful in representing the effect of stress, time and number of cycles 
on corrosion. Before describing these ^'constant-damage graphs,” 
however, it is necessary to discuss in detail the type 5 graphs on which 
the constant-damage graphs are based. 

Part III — Effect op Time and Number op Cycles on Corrosion, 
AS Illustrated by Type 5 Graphs 

Relation between Type 5 Graph and Type 4 Graph Presented in 

Previous Paper 

In two previous papers®*^ the effect of time and number of cycles on 
corrosion was illustrated by graphs called type 4, in which abscissas 
represented time and number of cycles, and ordinates represented 
“stress-concentration ratios.” By “stress-concentration ratio ” is meant 
the ratio of the endurance limit to the fatigue limit of the previously 
corroded specimen. For the purposes of the present paper, however, 
another type of graph has been found more useful. In this type, which 
has been called type 5, abscissas represent time (and number of cycles) 
in the corrosion stage and ordinates represent resultant fatigue limits. 
The type 5 is the most fimdamental type of graph illustrating the relation- 
ship between stress, time, and number of cycles in causing penetration of 
metal under corrosion. 

General Description of Type 5 Graph 

In* Figs. 3 to 8 are presented t 3 pe 5 graphs illustrating the results of 
experiments at various corrosion-stresses and for various times and num- 
bers of cycles. In these and the following figures the small circles repre- 
senting experimental points are not designated by number unless they 
are not adjacent to the corresponding graphs. Each set of graphs 
represents results obtained at one cycle frequency. The uppermost 
(heavy line) graph in each series and the small solid circles in some series, 
represent results obtained by stressless corrosion. Each other graph 
represents results of corrosion under some one corrosion-stress. The 
ordinate of each graph at its origin represents the endurance limit of the 
metal and the course of each graph represents the decrease in the fatigue 
limit of the specimen with increase in the time and number of cycles in 
the corrosion stage. 

Each individual point in these figures represents the result of a single 
two-stage, test. From each of these tests the fatigue limit has been 
obtained by drawing a stress-cycle graph (not shown in this paper) 
parallel to the ordinary endurance graph, and taking as the fatigue limit 



70 CORBOSION AS AFFECTED BY STRESS, TIME, AND NUMBER OF CYCLES 



Number'^ tV 

cur'VQiS .s^ma// 


D. J. McADAM, JE. 


71 



Fio. 4 .— TtPE 6 GRAPHS, BACH REPRESENTING CONSTANT CORROSION-STRESS AND CONSTANT CTCM FREQUENCY, NICKEL STEEL. 
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Fig. 5 . — Type 5 graphs, each representing constant corrosion^stress and 

CONSTANT CYCLE PREQTTBNOY, NICKEL STEEL AND CHROMIUM-NICKEL STEEL. 
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Fig. 6. — Type 5 graphs, bach representing constant corrosion-stress and 

CONSTANT CYCLE FREQUENCY, CHROMIUM-NICKEL STEEL. 
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the ordinate of the graph at an abscissa of 10 million cycles. This method 
was illustrated in previous papers.^»^ 

Some of the graphs in Figs. 3 and 4 have been extended far enough to 
reach the axis of abscissas. By such graphs it is possible to follow the 
entire course of a corrosion-fatigue test at the indicated stress. The 
first period of the corrosion-fatigue test is represented by the course of the 
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Fig. 7. — Type 5 graphs, each representing constant corrosion-stress anh 

CONSTANT CYCLE PREQUENCT, ANNEALED NICKEL STEEL. 


graph from its origin down to the point where the resultant fatigue limit 
of the specimen is equal to the corrosion stress. This point is indicated 
for various graphs in Figs. 3 to 8 by the short horizontal lines intersecting 
the graphs. At about this point in most of the complete type 5 graphs, 
there is evidently a reversal of curvature. This would be expected, as 
at this point the actual stress at the bottoms of the notches*"reaches the 
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Fig. 8. — Typb 5 graphs, bach representing constant corrosion-stress and 

CONSTAXiTT CYCLE FREQUENCY, CHROMIUM-NICKEL STEEL. 
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endurance limit of the metal and the cracks begin to advance at an 
accelerated rate. 

If the corrosion-stress is below a more or less definite value, the type 5 
graph, even if greatly prolonged, evidently would not reach the axis of 
abscissas. This is illustrated by the series in Fig. 3 and the series at the 
right of Fig, 4. The corrosion-stress below which the type 5 graph 
would not reach the axis of abscissas is the '' corrosion-fatigue limit” for 
that material and cycle frequency. For purposes of this paper it was 
necessary to extend relatively few graphs to the axis of abscissas even 
when the corrosion-stress was above the corrosion-fatigue limit. 

The point of reversal of curvature in some type 5 graphs is probably 
influenced by the elevation of the endurance limit at the bottoms of the 
notches. It is possible that this accounts for the indicated reversal of 
curvature of the 13,000 graph in Fig. 3 at a point well above the 
ordinate 13,000. 

Derivation of Type 2 Graphs from Type 5 Graphs 

Though the type 2 graphs presented in this and preceding papers 
were not obtained from type 6 graphs, they could have been so obtained. 
To obtain a type 2 graph from one of the sets of type 5 graphs in Figs. 
3 to 8, the intersection of the type 5 graphs with a chosen vertical line 
may be used. The ordinates of these points become ordinates of the 
type 2 graph* and the corresponding corrosion-stresses become 
the.abscissas. 

Derivation of Constant-damage Graphs from Type 5 Graphs 

From any set of type 5 graphs, such as those shown in Figs. 3 to 8, 
it is possible to derive graphs of which each represents the corrosion-stress, 
time, and number of cycles necessary to reduce the fatigue limit fco a 
chosen constant value. Such a graph may be called a constant-damage 
graph. From Fig. 3, for example, it is possible to derive a constant- 
damage graph representing the corrosion conditions necessary to reduce 
the fatigue limit to 35,000. To do this, the intersections of the type 5 
graphs with the horizontal line representing a resultant fatigue limit of 
35,000 would be used. In the same way, other constant-damage graphs 
could be obtained from Fig. 3 and from Figs. 4 to 8. 

Constant-damage graphs of several types are discussed in Parts IV 
and V. In obtaining these graphs, the type 6 graphs were plotted on 
scales that were most suitable for the purpose. The type 5 graphs 
presented in Figs. 3 to 8 are merely illustrative and arp not necessarily 
on the same scales that were used in obtaining the constant-damage 
graphs described in Parts IV and V. 
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Part IV — Constant-damage Graphs and Surfaces — Cartesian 

Coordinates 

Advantages of Constant-damage Graphs 

One disadvantage of variable-damage graphs, such as the type 2 and 
type 5 graphs discussed in Parts II and III and in the two preceding 
papers,®'^ is that the relationship between corrosion-stresses represented 
by such graphs is merely the relationship between initial corrosion- 
stresses. The actual corrosion-stress, owing to increasing stress-con- 
centration, increases throughout the corrosion stage; the increase becomes 
greater as the depth of pitting increases (as the resultant fatigue limit 
decreases). Moreover, the form of a variable-damage graph may be 
affected by varying accumulation of corrosion products in pits of var3dng 
depth. A variable-damage graph, therefore, is not a correct proportion- 
ate representation of actual average corrosion-stresses. It seemed 
possible, therefore, that the complexity of form of the type 2 variable- 
damage graph might be due in part to the fact that the graph represents 
merely initial rather than actual average corrosion-stresses. In such 
graphs, the influence of a stress-concentration variable is present 
but hidden. 

In constant-damage graphs, however, the stress-concentration factor 
and the effect of corrosion products are minimized. For such graphs 
the resultant fatigue limit is a constant; hence the stress-concentration 
ratio is a constant. The depth of pitting is much more nearly constant 
than in a variable-damage graph. Actual relationship of corrosion- 
stresses is more correctly represented by constant-damage than by 
variable-damage graphs. 

Type 6 Graph 

Constant-damage graphs are presented in Figs. 9 to 14. All these 
graphs were obtained with the same nickel steel, material IW-W-10. 
To obtain a constant-damage graph, the resultant fatigue limit is held 
constant. By holding one other factor, or the ratio between two other 
factors, constant several types of constant-damage graphs can be 
obtained. By holding the cycle frequency in the corrosion stage con- 
stant, the type 6 graph is obtained. 

In Fig. 9 are shown a series of type 6 graphs obtained from the set of 
type 5 graphs for nickel steel, IW-W-10, shown at the right of Fig. 4. 
Each graph in Fig. 9 is obtained from the points of intersection of the 
type 5 graphs of Fig. 4 with a chosen line of constant ordinates (resultant 
fatigue limits). 

In following the course of each of the graphs in Fig. 9, it is most 
convenient to start at the end representing highest corrosion-stress. 
Each graph starts at the corrosion-stress that equals the resultant fatigue 
limit. The graph can not extend to the right of this point, as at higher 
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corrosion-stresses the first period of corrosion-fatigue would be exceeded 
before the fatigue limit had been reduced to the desired value. With 
decrease in the abscissas the graphs in Fig. 9 all curve upward. Each of 
the lower four graphs then turns abruptly to the left and extends in a 
nearly horizontal direction to the axis of ordinates. These four graphs 
of complex form are obtained from constant-ordinate lines in Fig. 4 
that intersect the stressless-corrosion line. When the chosen fatigue 
limit is so low that the constant ordinate line in a type 5 series does not 
intersect or approach closely the stressless-corrosion line, the type 6 
graph is of simple form. There is no reversal of curvature of the type 6 
graph unless it is extended so far that stressless corrosion alone for the 
indicated time would reduce the fatigue limit to the chosen value. If 
extended far enough, all the graphs in Fig. 9 would encounter a reversal 
of curvature and intersect the axis of ordinates. The type 6 graph, 
therefore, is of simple form except where it is distorted by relatively large 
effect of stressless corrosion. The simple type 6 graph on a scale of 
Cartesian coordinates appears to be approaching an asymptote nearly 
parallel to the time-cycle axis. 

The complex type 6 graphs are somewhat similar in form to the 
type 2 graphs. With increase in corrosion-stress from zero, each type of 
graph first approaches the axis of abscissas at an increasing rate; the 
curvature then reverses and the graph tends to become parallel to the 
axis of abscissas. This similarity in form of the two types might have 
been expected, as the type 2 graph represents constant corrosion time 
and variable fatigue limit, whereas the type 6 graph represents variable 
corrosion time and constant fatigue limit. In both types, the other 
independent variable is corrosion-stress. The point of reversal of curva- 
ture in the type 6 graph, therefore, corresponds to the “notching limit” 
or “notching stress” discussed in two previous papers.®*^ 

The outward curvature of the type 2 graph between the two steep 
descents toward the axis of abscissas is evidently a qualitatively correct 
representation of the influence of cyclic stress range on corrosion. With 
increase in corrosion-stress beyond the notching stress, the effect of the 
corrosion-stress increases at a decreasing rate. It has been shown in 
previous papers,®*^ that with increase in corrosion time and number of 
cycles the resultant fatigue limit is lowered at a decreasing rate. The 
same fact is shown by the type 5 graphs in Figs. 3 to 8. In this respect, 
therefore, the three variables, corrosion-stress, time, and number of 
cycles are qualitatively similar. 

Effect of Cycle Frequency on Form and Position of Type 6 Graph 

The two series of graphs in Figs. .10 and 11 have been arranged to 
show the effect of cycle frequency on the form and position of the type 6 
graph. The graphs in these two figures have been obtained from the 
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type 5 graphs for material IW-W-10 in Figs. 3, 4, and 5. In Figs. 10 and 
11, not only is each graph a constant-damage graph, but each series is a 
constant-damage series. In Fig. 10, all the graphs are arranged on the 
same time scale, but each graph has its own cycle scale. In Fig. 11, all 
the graphs are arranged on the same cycle scale, but each graph has its 
own time scale. The former will be caUed a type 6a series ; the latter, a type 
66 series. 

In the type 66 series as represented in Fig. 11 the direction of 
abscissas is the reverse of the direction of abscissas in Fig. 10.. This 
reverse arrangement in the two figures is to permit imaginary assem- 
bling of Figs. 10, 11 and 14 in three planes, each perpendicular to the 
other two, so as to represent projections (on the three planes) of lines 
on a constant-damage surface. Constant-damage surfaces will be 
discussed later. 

In the type 6a series, as shown in Fig. 10, the position of the graph is 
lowered as the cycle frequency increases. This means that the time rate 
of penetration increases with increase in the cycle frequency. In the 
t3rpe 66 series shown in Fig. 11, the position of the graph is lowered as 
the cycle frequency decreases. This means that the penetration per 
cycle increases with increase in time per cycle (decrease in cycle frequency) . 
These two figures will be discussed later as representing two side views of 
lines on a constant-damage surface. 

Type 7 and Type 8 Graphs 

As the type 6 graph represents constant-damage and constant-cycle 
frequency, one of the coordinates represents both time and number of 
cycles. It seemed desirable, therefore, to develop constant-damage 
graphs to represent the relationship between corrosion-stress and either 
time or number of cycles alone. Such graphs can be obtained from 
either the 6a or 66 series shown in Figs. 10 and 11. If the intersections 
of the series in Fig, 11 with one of the ordinate scale lines are so used, a 
graph will be obtained to represent relationship between corrosion-stress 
and time, for constant damage and constant number of cycles. This 
type, which has been called type 7, is shown in Fig. 12. Similarly, type 8 
graphs can be derived from the 6a series in Fig. 10 to represent the rela- 
tionship between corrosion-stress and number of cycles, for constant 
damage and constant time. A series of such graphs derived from Fig. 
10 is shown in Fig. 13. 

A comparison of Figs. 9 to 13 shows that the type 7 and type 8 
graphs are similar in form to the type 6 graph. Undoubtedly if the type 
7 (but not the type 8) graphs were prolonged far enough the influence of 
stressless corrosion would become relatively large enough to affect the 
form of these graphs as it affects the form of the type 6 graph, causing 
reversal of curvature. The steepness of the type 8 graph near the origin 
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shows the great influence of even a few cycles of high corrosion-stress 
in causing penetration of metal under corrosion. 


The Type 9 Graph 

In the same manner that the type 6 graph is obtained, it is possible to 
develop from a series of type 5 graphs another type of constant-damage 



Fig, 12. — Type 7 constant-damage series, nicked steel. 


graph to represent the relationship between time and number of cycles, 
with constant corrosion-stress and constant resultant fatigue limit. A 
series of these type 9 graphs is shown in Kg. 14. Not only is each graph 
in Kg. 14 a constant-damage graph, but the entire series is a constant- 
dama^ series. 

It will be observed that the type 9 graph is similar in form to the types 
6, 7, and 8 graphs. Drawn with Cartesian coordinates, the type 9 
graph appears to approach at each end an asymptote nearly parallel to 
the coordinate axis. If sufllciently prolonged, as indicated qualitatively 
in Kg. 14, this graph is influenced by the effects of stressless corrosion. 
Its curvature is reversed and it approaches the axis of abscissas at a 
point which reprints the time required for stressless corrosion to cause 
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the sRnie amount of damage. The broken line drawn through this point 
parallel to the axis of ordinates will be called the “time boundary” 
of the series. As shown in Fig. 9, there is a similar time boundary for 
each type 6 series. 



Cycles, Mi //tons. 
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Fig. 13. — ^Ttpe 8 constant-damage series, nickel steel. 

Constant-damage Surfaces 

This type 9 series may best be studied by imagining it to be the plan 
view of a three-dimensional representation of the effect of stress, time and 
number of cycles on corrosion. 

If an axis of corrosion-stresses be imagined perpendicular to the 
plane of Fig. 14 at the origin of coordinates, the type 9 graphs in this 
figure would be viewed as contour lines on a constant-damage surface. 
This constant-damage surface evidently slopes downward as it recedes 
from the imagined vertical axis of corrosion-stresses. With decrease in 
the corrosion stress, as indicated by the increasing distance between 
adjacent contour lines, the slope decreases. With decrease in the 
corrosion-stress below about 8000 lb. per sq. in. the constant-damage 
surface the scale represented in Fig. 14) evidently becomes 
nearly horizontal. 
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If Fig. 14 is considered as the plan view of contour lines in a constant- 
damage surface, Figs. 10 and 11 can be considered as front and side views 
of constant-frequency lines in the same surface. As shown in Fig. 14, 
these constant-frequency lines radiate from the imagined vertical axis of 
corrosion-stresses. If Figs. 10, 11 and 14 be imagined as properly 
assembled so that each is perpendicular to the other two, the type 6a 
series of graphs in Fig. 10 would represent a view of the constant-fre- 
quency lines from the distant end of Fig. 14 (in a direction parallel to the 
axis of cycles). The type 66 series in Fig. 11 would represent a view of 
the same lines from the right of Fig. 14 (in a direction parallel to the 
time axis). 

If Figs. 12, 13 and 14 be imagined as properly assembled so that each 
plane is perpendicular to the other two, the types 7 and 8 graphs in Figs. 
11 and 12 would represent two views of lines that are parallel to the planes 
of Figs. 12 and 13, respectively. 

The constant-damage surface, as shown in Fig. 14, is concave upward, 
except in the region adjacent to the time boundary of the series. As 
indicated by the prolongation of some of the contour lines at the right 
of Fig. 14, the lines in this region reverse their curvature and approach a 
vertical plane through the axis of abscissas. The broken line marked 
‘Hime boundary, toward which all the type 9 graphs of the series 
converge, may be viewed as a projection of a vertical plane which is the 
boundary of the constant-damage surface. The position of this time- 
boundary plane has been determined approximately by extrapolation of 
the t 3 rpe 5 stressless corrosion graph shown in Fig. 3. 

There is some advantage in considering the vertical time-boundary 
plane as the origin of the series of contour lines (type 9 graphs) in Fig. 14. 
The course of each type 9 graph as it extends to the left of the time 
boundary then represents the decrease in corrosion time with increase 
in number of cycles. The entire constant-damage surface represents the 
effect of corrosion-stress and number of cycles in decreasing the corrosion 
time below the time necessary to cause the same amount of damage by 
-stressless corrosion alone. 

Part V — Constant-damage Graph and. Surfaces, Logarithmic 

Coordinates 

Types 9 Graphs, Logarithmic Coordinates 

The type 9 graph on a logarithmic scale is the most generally useful 
type that has yet been developed. On a Cartesian scale the curvature of 
the type 9 graph is so great that interpolation and extrapolation are 
difficult. Moreover, as shown in Fig. 14, the range of cycle frequencies 
that can be represented in one constant-damage series is much less than is 
desirable. On a logarithmic scale, however, as shown in Fig. 16, the 
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curvature is greatly reduced. The lines of constant frequency, which 
on a Cartesian scale are radiating lines, on a logarithmic scale become 
parallel diagonal lines. It is thus possible to include in one constant- 
damage series a wide range of corrosion-stresses and cycle frequencies. 
In Fig. 15 the range of actual cycle frequencies is from 1450 to 0.5 per 
minute. Additional constant-frequency lines, moreover, have been 
added wherever possible to represent 5 cycles per hour, 1 cycle per 
hour, and 1 cycle per day. These are designated 5 r.p.h,, 1 r.p.L, and 1 
r.p.d. respectively. 


Type 9, ConetardrdmmQe Series, Material 7TF-TF-10 

Two series of type 9 graphs are shown on a logarithmic scale in Fig. 
15. The two series in Figs. 15a and 156 represent corrosion conditions 
necessary to reduce the fatigue limit to 40,000 and 35,000, respectively. 
The series shown in Fig. 156, therefore, represents greater stress-con- 
centration ratio, and hence greater depth of pitting, than does the 
series shown in Fig. 15a. 

In drawing the graphs of these series, and other series to be described, 
consideration has been given to each series as a whole. Each graph has 
not been based merely on its own experimental points, but has been drawn 
to represent the most probable relationship to neighboring graphs. 

The boundary graph of each of these series is a graph obtained 
with corrosion-stress equal to the resultant fatigue limit. Higher cor- 
rosion-stresses could not be used, otherwise the first period of corrosion- 
fatigue would be exceeded before the resultant fatigue limit was reduced 
to the desired value. The other boundary of each series is the broken 
line designated “time boundary.” This line has the same significance 
as in Fig. 14. It represents the time necessary to reduce the fatigue limit 
to the chosen value by stressless corrosion alone. The position of the 
time boundary for Fig. 156 has been determined as yet only approxi- 
mately by extrapolation. For Fig. 15a the position of the time boundary 
has been determined definitely. 

The curvature of the type 9 graph on a logarithmic scale is qualita- 
tively similar to the curvature of this graph on a Cartesian scale. The 
curvature is slight, however, unless the graph is extended so far to the 
right that it approaches the time boundary of the series. All the graphs 
of a series, as they approach the time boundary, reverse their curvature, 
converge toward the time boundary, and approach the axis of abscissas. 

AH the graphs of a series, except possibly some of the low-stress 
graphs, are not far from parallel, unless they are extended so far to the 
right that they approach the time boundary of the series. Advantage 
has been taken of this approximate parallelism in estimating in advance 
the stress, time and numter of cycles to be used in obtaining the experi- 
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mental points necessary to map out the various type 9 series presented 
in Figs. 15 to 19. By this means much time has been saved. 

In the region of high corrosion-stresses in each series, the distances 
between adjacent graphs, for equal dijfferences in corrosion-stress, are 
approximately equal. As the corrosion-stress is lowered, however, the 
effect of stress differences on the position of the type 9 graph becomes 
greater. As indicated in Fig. 15, decrease of corrosion-stress from 8000 
to 7000 moves the type 9 graph outward about as far as does a decrease 
in corrosion-stress from 35,000 to 30,000. Change in position of the type 
9 graph (as will be shown later) is in proportion to percentage change, 
rather than in proportion to actual change of corrosion-stress. 

It is advantageous to view these type 9 graphs as originating in the 
time boimdary. The course of each graph, then, as it extends to the 
left from the time boundary, represents the effect of increasing number 
of cycles in decreasing the time necessary to cause constant damage. 
Or the type 9 graph may be viewed as representing the effect of cycle 
frequency in accelerating penetration of metal under corrosion. As illus- 
trated by Fig. 15, the lower the corrosion-stress, the higher the cycle 
frequency necessary to accelerate appreciably penetration of metal 
xmder corrosion. 

The abruptness with which the type 9 graph turns to the left varies 
with the corrosion-stress. Graphs representing high corrosion-stresses 
curve to the left gradually; graphs representing lower corrosion-stresses 
leave the time boundary rather abruptly. For such a graph there is a 
fairly definite frequency limit above which corrosion pitting is greatly 
accelerated. Such a frequency limit may be called a ^'notching fre- 
quency^' to correspond to the ^^notching stress" previously discussed in 
connection with the type 2 graphs. Notching frequency and notching 
stress are interdependent. Possible reasons for the abrupt acceleration 
of corrosion pitting when a certain combination of corrosion-stress and 
cycle frequency is exceeded are of considerable interest but cannot be 
discussed at this time. 

As would be expected, the graphs in Fig. 15b are more distant from 
the origin than are the corresponding graphs in Fig. 15a. Distance of 
the type 9 graph from the origin increases with increase in the stress 
concentration; hence with increase in the depth and sharpness of 
pitting. 


Type 9, Constant-damage Series, Material ZTF-14.5 

The graphs shown in Figs. 9 to 15 inclusive were obtained with a 
nickel steel that had been quenched and tempered; the graphs shown in 
Fig. 16 were obtained with the same steel in the fully-annealed condition. 

The two series shown in Fig. 16 represent corrosion conditions neces- 
sary to reduce the fatigue limit to 35,000 and 30,000, respectively. The 
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position of the time boundary for each series is accurately determined 
by means of the type 5 stressless-corrosion graph in Fig. 7. 

The graphs in Fig. 16 are similar in form to the graphs in Fig, 15. 
The form of the type 9 graph, therefore, is evidently affected little by 
variation in physical properties due to heat treatment. 

As would be expected, the graphs in the series at the right of Fig, 16 
are farther from the origin of coordinates than are the corresponding 
graphs in the series on the left. The positions of the series in Fig. 16 
should be compared with the positions of the series in Fig. 15 on the basis 
of equal stress-concentration ratios rather than equal resultant fatigue 
limits. The series in Fig. 15a and the series at the right of Fig. 16 repre- 
sent nearly equal stress-concentration ratios. It will be observed that 
these two series differ only slightly in position. The position of the type 9 
series for this nickel steel, therefore, is little affected by heat treatment. 

Type 9, Constant-damage Series, Material BC-W-IQ 

In Fig. 17 is shown a series of type 9 graphs obtained with a chromium- 
nickel steel that had been quenched and tempered. The physical 
properties of this steel are nearly the same as those of the nickel steel 
represented in Fig. 15. 

Although the time boundary for the series represented in Fig. 17 has 
been determined as yet only approximately by extrapolation, the position 
of this time boundary has been located definitely enough to indicate the 
form of the type 9 graphs. These graphs are evidently similar in form 
to the graphs shown in Figs. 15 and 16. The position of the series 
represented in Fig. 17 may be compared with the position of the series 
represented in Fig. 156, as the two series have nearly equal stress- 
concentration ratios. Comparison of these two series shows that they 
differ only slightly in position. This fact seems to indicate that for 
ordinary alloy steels the position of a constant-damage series depends 
chiefly on the stress-concentration ratio rather than on chemi- 
cal composition. 

Type 9, Constant-damage Series, Material AY-W-10 

Two series obtained with another chromium-nickel steel of higher 
strength are shown in Fig. 18. The higher endurance limit and higher 
type 5 stressless-corrosion graph for this material have made it possible 
to use higher corrosion-stresses than those used in obtaining the five 
series represented in Figs. 15 to 17. These higher stresses have made it 
possible to extend the range of cycle frequencies down to a frequency of 
5 per hour and to obtain noticeable effects at this low frequency. 

The two series in Fig. 18 represent corrosion conditions necessary to 
reduce the fatigue limit to 45,000 and 40,000 respectively. The position 
of the time boundary for the series on the left has been determined 
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definitely; the position of the time boundary for the series on the right 
has been determined as yet only by long extrapolation. 

The form of the type 9 graph for this material is evidently nearly the 
same as for the materials represented in Figs. 15 to 17. The stress- 
concentration ratio for the series at the left of Fig. 18 differs only slightly 
from the ratios for the two series represented in Fig. 15a and at the 
right of Fig. 16. The stress-concentration ratio for the series at the right 
of Fig. 18 differs only slightly from the ratios for the two series repre- 
sented in Fig. 155 and Fig. 17. Comparison of the positions of these 
series again leads to the conclusion that for ordinary alloy steels the 
position of the type 9 graph depends chiefly on stress-concentration ratio 
rather than on physical properties or chemical composition. 

As shown in the series on the left of Fig. 18, corrosion-stress of 45,000 
at a cycle frequency of 0.5 per min. decreases the corrosion time to less 
than one-half the boundary time. As shown in the series on the right 
of the figure, corrosion-stress of 40,000 at 5 cycles per hour reduces the 
corrosion time to less than one-half the boundary time. These results 
seem to indicate that repeated high stress range may greatly accelerate 
corrosion pitting even if the cycle frequency is less than 5 per hour. 

Effect of Varyirig Boundary Time on Form and Position of Boundary Graph 

The two positions of the constant-damage field shown in each of 
Figs. 15, 16 and 18 give some idea of the effect of varying boundary 
time on the form and position of the boundary graph. It seemed possible, 
however, that information of value would be obtained by determining for 
some one material a number of different positions of the constant-damage 
field. This has been done for material IW-W-10, and the positions of 
seven type 9 fields are represented in Fig. 19. Time is saved and con- 
fusion avoided by showing in this figure, for each position of the constant- 
damage field, only the boundary graph and time boundary. 

On each boundary graph is marked the corrosion-stress, which 
necessarily is the same as the resultant fatigue limit for this entire 
field. Two of the fields shown in this figure have been shown in Fig, 15. 
For the fields shown in Pig,^19 the boundary stresses range from 65,000 
to 25,000. The boundary time corresponding to each boundary graph 
is obtained (in some cases by long extrapolation) from the type 5 stress- 
less-corrosion graph in Kg. 3. 

The highest and lowest boundary stresses represented in Fig. 19 are 
approximately 86 and 40 per cent, of the endurance limit. Yet for all 
these series the boundary graphs are similar in form. The actually 
determined parts of these graphs are evidently not far from parallel. 
The extrapolated parts, therefore, have been drawn on the assumption 
that they remain not far from parallel. 

In all these boundary graphs the effect of low cycle frequency is 
prominent. CJycle frequencies as low as 1.5 per min. have a noticeable 
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effect even in the short-time, highest stress graphs. In the graphs 
representing long boundary time, the effect of low cycle frequency is 
especially prominent. The evidence seems to indicate, therefore, that 
the effect of cyclic stress on corrosion is not negligible in structures 
subjected to high stress range even of very low frequency. This tentative 
conclusion is supported by additional experiments to be described in 
Part YII. 

Type 6 Graphs, Logarithmic Coordinates 

In Figs. 20 and 21 are seven series of type 6 graphs representing the 
same materials that are represented in Pigs. 15 to 18 by type 9 graphs. 
In Figs. 20 and 21, abscissas are measured from right to left. This 
unconventional arrangement is used so that each series together with the 
corresponding type 9 series (shown in Pgs. 15 to 18) may represent two 
views of lines on a constant-damage surface. (Constant-damage surfaces 
on a logarithmic scale will be discussed later ) Each series in Figs. 20 
and 21 is a type 6a series; that is, all the graphs of the series are on the 
same time scale, but each graph has its own cycle scale (not shown in the 
figures). The boundary stress in each type 6 series has the same signifi- 
cance as does the boundary graph of a type 9 series. 

In drawing the graphs in Figs. 20 and 21, each series has been con- 
sidered as a whole, and the graphs have been drawn to represent the most 
probable interrelationship for the entire series. 

The impression obtained from a study of these seven series of graphs 
is that the typical form of the type 6 graph (except the portion distorted 
by influence of nearness to the time boundary) is a sloping, nearly 
straight line. In some of these series, the lines representing 1450 and 
500 r.p.m. curve outward slightly as they approach the time boundary; 
in other series this curvature is absent. In some graphs, also, there is 
slight reversal of curvature as the graphs approach the boundary stress. 
This is probably due to the fact that the actual stresses represented by 
these parts of the graphs are ^ot far from the endurance limit. Evidently 
the corrosion pitting is somewhat accelerated under these conditions. 

The evidence seems to indicate, however, that the type 6 graph, as 
well as the type 9 graph, on a logarithmic scale is nearly straight, except 
as it approaches the time boundary. The relationship, therefore, 
between corrosion-stress and either time or number of cycles necessary 
to cause constant damage is exponential. 

Basquin^i called attention to the fact that for ordinary fatigue there is 
an exponential relationship between stress and number of cycles. Many 
ordinary fatigue graphs on a logarithmic scale consist of a straight, 
sloping line tangent at its lower end to a curve approaching a horizontal 
asymptote. As shown in Figs. 20 and 21, however, the type 6 graph gives 

O. H. Basquin: The Exponential Law of Endurance Tests. Proc- Amer. Soc. 
Test. Mats. aOlO) 10, 625. 



D. J. McADAM, JK. 


99 


/oo 


to 


? 

c: 



AY-W-/0 

Z/Wj^ 7AP^ 


c: 

J; 


^/o 


I' 

f. 


Resultant Fatigue- 
Limit of Series 35,000\ 
Stress-Concentration 
Rartio /S4 





Resultant FCttfue 
Limit (f Series 45,000 
Stress-Concentration 
Ratio /.63 






too 


PiY-\fhlO 

\^durance Limit J^Op- 


/o 



I — I 1 ri M 1 1 I \ I 

tt Resultant Fatigue 
Limit <f Series 40,000 
.-j- Stress-Concentration 
1 1 Ratio i.30 


■ "L ' ' ' I I TT^ 

Days i^ , tO^ , 

Mdnth J~ 6 3~Z / 

Years i / 


at 


Corrosion Sfa^e. 

Fig. 21.— Ttpb 6o constant-damage series, chromium-nicked steels. 







100 CORROSION AS AFPECTEO BY STRESS, TIME, AND NUMBER OP CYCLES 

no clear evidence of approach to a horizontal asymptote. The exponen- 
tial relationship between corrosion-stress and either time or number 
of cycles, therefore, may or may not indicate that the mutual action of 
corrosion and cyclic stress below the corrosion-fatigue limit is akin 
to fatigue. 

For these type 6 graphs on a logarithmic scale, as well as for the 
previously described type 6 and type 9 graphs on a Cartesian scale, 
it is advantageous to view each series as starting from the time boundary. 
The course of each graph as it extends to the right, therefore, represents 
the effect of increasing corrosion-stress in decreasing the corrosion 
time necessary to cause constant damage. 

As the graphs in Figs. 20 and 21 rise from their origin in the time 
boundary they turn to the right after reaching a height that becomes 
greater as the cycle frequency becomes lower. The abruptness with 
which the graphs turn to the right, however, is greater with higher cycle 
frequency. At high cycle frequency, the corrosion-stress corresponding 
to this abrupt turn is fairly definite. This limiting corrosion-stress, 
above which corrosion pitting is greatly accelerated, is another aspect 
of the notching stress that has been described in two previous papers®'"^ 
and in Part II of the present paper in connection with the type 2 graph. 
As shown in Figs. 20 and 21, the notching stress, for ordinary steels at 
least, increases with decrease in cycle frequency. With decrease in 
cycle frequency, however, the notching stress becomes less definite. 

Constant-damage Surfaces, Logarithmic Coordinates 

The complex relationship between the four variables under considera- 
tion is best studied by considering the type 9 series as the plan view and 
the corresponding type 6a series as the front view of a constant-damage 
surface. Each type 6a series in Figs. 20 and 21 represents a constant- 
damage surface as viewed from the ‘‘distant’’ end of the corresponding 
type 9 series (Figs. 15 to 18). The direction of view is parallel to the 
axis of cycles. 

The constant-damage surface on a logarithmic scale (except as it 
approaches the time boundary) is evidently a nearly plane surface, 
sloping diagonally downward as it recedes from the imagined vertical 
axis of corrosion-stresses. As it approaches the time boundary, the 
constant-damage surface curves abruptly downward and approaches the 
vertical time-boundary plane as an asymptote. The stress-time-cycle 
relationship for constant damage, therefore, is an exponential relationship 
except when conditions are such that the damage is due chiefly to stressless 
corrosion. These conclusions apply to ordinary alloy steels. It seems 
probable that they apply also to carbon steels in view of the fact that 
the notching stress (as illustrated by type 2 graphs in Fig. 1) for carbon 
and for ordinary alloy steels is practically the same. 
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For ordinary alloy steels, and probably for carbon steels, the position 
and angle of slope of the nearly plane part of the constant-damage 
surface are apparently affected only slightly by variation in chemical 
composition and physical properties. For corrosion-resistant steels no 
definite conclusions can be drawn at this time. 

Part VI — Constant Net-damage Graphs and Surfaces 
Total Damage and Net Damage 

The damage due to corrosion under cyclic stress, as measured by 
lowering of the fatigue limit, may be resolved into two parts. The total 
damage consists of the damage due to stressless corrosion plus the excess 
or net damage due to the cyclic stress. The relation between total dam- 
age and net damage is illustrated by any of the series of type 5 graphs in 
Figs. 3 to 8. In Fig. 3, for example, the damage due to stressless cor- 
rosion is measured by the distance of the stressless-corrosion graph below 
its origin, which represents by ordinate the endurance limit. In the same 
figure, the total damage due to corrosion under cyclic stress of 4000 is 
measured by the distance of the graph representing this corrosion-stress, 
below the origin, which represents the endurance limit. The differential 
or net damage, due to corrosion-stress 4000, is measured by the distance 
of the graph representing this stress below the stressless-corrosion graph. 
The ratio of net damage to total damage evidently varies with cor- 
rosion time. 

For carbon and ordinary aUoy steels the damage due to stressless 
corrosion is a relatively large part of the total damage. For such metals, 
the net damage under some conditions of stress, time, and number of 
cycles is a very small part of the total damage. For corrosion-resistant 
metals, the type 5 stressless-corrosion graph would evidently be nearly 
horizontal. The net damage, therefore, for such metals is a large propor- 
tion of the total damage. For some metals under mild corrosion condi- 
tions the net damage is practically the total damage. 

Constant Net-Damage Graphs 

The stress-time-cycle relationship for constant net damage is of 
theoretical and practical importance. By “constant net damage is 
meant a constant percentage lowering of the fatigue limit below the 
fatigue limit that would result (in the same length of time) from stressless 
corrosion alone. Constant net damage, therefore, means constant 
percentage elevation of the stress-concentration ratio above the ratio that 
would result in the same time from stressless corrosion alone. To obtain 
a constant net-damage graph a line is drawn below the stressless corrosion 
line in a type 5 series, so that the ordinate of each point in the new line 
is a constant percentage of the ordinate of the corresponding point in 



102 CORKOSION AS AFFECTED BY STRESS, TIME, AND NUMBER OF CYCLES 


the stressless-corrosion line. The coordinates of the intersections of the 
new line with the type 5 graphs are used in plotting graphs to represent 
the stress-time-cycle relationship for constant net damage. 

Type 10 Constant Net-damage Graphs j Logarithmic Coordinates 

The type 10 graph is similar, in arrangement of coordinates, to the 
type 9 graph. In Figs, 22 and 23 are shown four series of type 10 graphs 
representing the same four steels that are represented by type 9 graphs 
in Figs. 15 to 18. 

It will be observed that the scatter of experimental points in these 
type 10 graphs is greater than in the corresponding type 9 graphs. The 
reason for this wiU be discussed in connection with the type 11 graphs to 
be described later. In spite of the wide scatter of experimental points, 
each series as a whole gives clear indication of the form and direction of 
the representative type 10 graph. No attempt, however, has been made 
to draw interpretative graphs. The experimental points have been 
merely connected by straight lines. 

The type 10 graph of ideal form, on a logarithmic scale, is evidently 
a nearly straight line. For this graph there is no time boundary and no 
clear indication of approach to an asymptote. The angle between the 
type 10 graph and the axis of abscissas is evidently less than the cor- 
responding angle between the type 9 graph and the same axis. Some of 
the graphs in Figs. 22 and 23 are nearly parallel to the axis of abscissas. 
If such graphs were representative, it would lead to the conclusion that 
the net damage due to cyclic stress is independent of time. The repre- 
sentative type 10 graph for these steels, however, makes a slight angle 
with the axis of abscissas. Time, therefore, is a factor in the net damage 
due to cyclic stress, but it is a less influential factor in net damage than 
in total damage or in the damage due to stressless corrosion. 

It is advantageous to consider each series of type 10 graphs as the 
plan view of a constant net-damage surface. Each series, therefore, 
should be studied in connection with front and side views of this surface. 

Type 11 Constant-damage Series^ Logarithmic Coordinates 

The type 11 graph is similar, in arrangement of coordinates, to the 
type 6 graph. In Fig. 24 are shown four series of type 11 graphs repre- 
senting the same steels that are represented by type 10 graphs in Figs, 
22 and 23. The four series shown in Fig. 24 are type 11a series, in which 
abscissas for all graphs represent the same time scale but each graph 
has its own cycle scale (not shown in the figure). 

The scatter of experimental points is much less for the type 11 than 
for the type 10 graphs. The type 11 graph, like the type 10 graph, 
is evidently a nearly straight line showing no approach to a horizontal 
asymptote. The graphs for each series in Fig. 24 have been drawn as 
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straight parallel lines. Such lines best represent the series as a whole. 
Not only are the lines throughout each series parallel but the lines of 
all four series are not far from parallel. The angle between the type 11 
graph and the axis of abscissas is evidently much less than the cor- 
responding angle between the type 6 graph and the axis of abscissas. 

Constant Net-damage Surfaces 

Each Type 11a series represented in Fig. 24 may be considered as the 
front view of a constant net-damage surface, of which the corresponding 
type 10 graph is the plan view. The type 11a series represents this 
surface as viewed from the distant end of the corresponding type 10 series; 
the view is in a direction parallel to the axis of cycles. A type lib series 
would represent a side view of the surface. As the type 116 series was 
found to be similar to the type 11a series, the former has been omitted. 

As indicated by the two views of each of the four surfaces represented 
in Figs. 22 to 24, the constant net-damage surface on a logarithmic scale 
is a nearly plane surface. The slope of this surface is considerably less 
than the slope of the nearly plane part of the constant total-damage 
surface. This explains why the scatter of experimental points is greater 
in a type 10 series than in the corresponding type 9 series. 

For ordinary alloy steels and probably for carbon steels, therefore, 
the stress-time-cycle relationship for constant net damage is an exponen- 
tial relationship, which extends over a wide range of stress, time and 
number of cycles. For these steels the constant net-damage surface 
shows no evidence of approach to a horizontal asymptote within the 
time range investigated. With further extension of the time range it is 
possible that the graphs may curve outward at very low stresses. For 
more corrosion-resistant material, for which the notching stress cor- 
responds to a definite pitting limit, the constant net-damage surface 
may possibly approach a horizontal asymptote. Evidence for this is at 
present lacking. 

Extrapolation of the type 10 and type 11 graphs shown in Figs. 22 
to 24, assuming that the straight-line relationship continues, confirms the 
conclusions expressed in Part V, that cyclic stress even of very low fre- 
quency may have considerable effect in accelerating corrosion pitting. 
Even low corrosion-stresses, moreover, acting over a long period of time, 
may have appreciable effect in increasing the penetration of metal 
under corrosion. 

Part VII — Strbss-time-cygle Relationship for Other Corrosion 
Conditions and for Other Metals 

Effect of Steady and Intermittent Tensile Stress on Corrosion 

That steady tensile stress accelerates corrosion of some non-ferrous 
metals is well known. ^ ^Season cracking^ ^ under internal tensile stress 
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is an example. Experiments by Parr and Straub^^-^® seem to indicate 
that, for steel in contact with hot solutions of caustic soda, chemical 
attack is somewhat accelerated by steady tensile stress. This suggests 
the possibility that even at room temperature the corrosion of steel 
in contact with water may be accelerated by steady stress. The experi- 
ments described below were made to investigate the effect of steady and 
intermittent tensile stress on corrosion of steel in contact with water at 
room temperature. 

A'silicon-nickel steel (material HG-0-7.5) of spring temper, which has 
been discussed in previous papers/ was used in these experiments. The 
composition, heat treatment and physical properties of this steel are given 
in Tables 1, 2 and 3. The water used in these experiments was the 
carbonate water used throughout the previously described investigation. 

To compare the effect on corrosion of steady and intermittent tensile 
stress, standard tension test specimens of this steel in contact with water 
were stressed in an ordinary tension-testing machine. Under steady 
tensile stress, specimens failed quickly if the tensile stress exceeded 
about 175,000 lb. per sq. in. At lower steady stresses, specimens did not 
fail even after several weeks^ exposure. Specimens of the same steel in 
contact with water were subjected to intermittent tensile stress, with 
frequency of one cycle per hour. The tensile stress was maintained for 
J^-hr. intervals and released every alternate H Under these condi- 
tions, specimens failed as follows: Stress 150,000, time 25 hr.; stress 
120,000, time 96 hr. ; stress 115,000, time 150 hr. The breaking strength 
of this steel under intermittent stress with frequency of one cycle per 
hour, therefore, was about 115,000. Evidently the effect of intermittent 
high tensile stress, even of very low cycle frequency, is much greater than 
the effect of steady tensile stress. 

The experiments described do not exclude the possibility that steady 
high tensile stress has some effect on corrosion. To investigate this 
subject additional experiments were made. Specimens were subjected 
to stressless corrosion in carbonate water for 10 or 11 days. They were 
then oiled and subjected to intermittent tensile stress in air, with fre- 
quency of one cycle per hour. For specimens so tested the breaking 
stress was 200,000 to 205,000. Experiments have not yet been made to 
determine the effect of stressless corrosion followed by steady tensile 
stress. The stress-concentration ratio caused by stressless-corrosion 
pitting of such material, however, is at least 1.7. Under steady tensile 
stress nominally 200,000, therefore, the actual stress in the bottoms of 
corrosion pits would be above the tensile strength of the material. For 

W. Parr and F. G. Straub: The Cause and Prevention of Embrittlement of 
Boiler Plate. Proc. Amer. Soe. Test, Mats. (1926) 26, Pt. II, 52. 

S. W. Parr and P. G. Straub: Embrittiement of Boiler Plate. Proc. Amer. Sac. 
Test. Mats. (1927) 27, Pt. U, 52. 



108 COREOSION AS AFFECTED BY STRESS, TIME, AND NUMBER OF CYCLES 


this and other reasons, it is believed that after stressless corrosion the 
breaking stress under steady tension would be not far above 200,000. 
The breaking strength after stressless corrosion was higher by about 
25,000 or 30,000 than was the breaking strength under simultaneous 
corrosion and steady stress of about 175,000. The effect of steady stress 
of 175,000 on corrosion, therefore, is much less than the effect of inter- 
mittent stress of 115,000 with frequency of only one cycle per hour. 

Mention has been made of a boiler that failed in 1926 at the Naval 
Engineering Experiment Station under the influence of combined stress 
and corrosion. The boiler head failed at the knuckle, where there was 
no seam. The water used ia the boiler was the same carbonate water 
used throughout this investigation. No boiler compound was used. 
This boiler had been used about 1100 times in 11 years. In view of the 
evidence presented in this paper it seems unquestionable that the inter- 
mittent stress with frequency only about 100 cycles per year had con- 
siderable influence in accelerating the corrosion of this boiler and thus 
causing failure. 

Effect of Varying Corrosion Conditions on Form and Position of Constant- 
damage Graphs and Surfaces 

A few experiments have been made with nickel steel, material 
IW-W-10, in salt water. These experiments indicate, as might be 
expected, that a type 9 constant-damage series obtained with salt water is 
nearer to the origin of coordinates than the corresponding series obtained 
with fresh water. By increase in the intensity of corrosion, therefore, 
the constant-damage surface is moved downward and inward. Whether 
the form of the constant-damage surface is much changed by variation 
in corrosion intensity has not yet been determined. If the form and 
slope of the constant-damage surface are not greatly changed by change 
in corrosion intensity, it may be possible to investigate the stress-time- 
cycle relationship for any given corrosion condition by means of relatively 
few experiments. 

Constantr-damage Graphs for Corrosion-resistant Steels and for Non-ferrous 

Metals 

As shown in previous papers,®*^ for corrosion-resistant steels, and for 
corrosion-resistant non-ferrous metals such as monel metal, the corrosion- 
fatigue limit, determined at a cycle frequency of 1450 r.p.m., corresponds 
to a fairly definite notching limit. Below this limit, pitting is so slight 
as to be almost negligible. For such material the corrosion-fatigue 
limit is more definite than for metals that are deeply pitted by stressless 
corrosion. For such metals, moreover, the notching linait (corrosion- 
fatigue limit) is possibly less influenced by cycle frequency than for 
ordinary steels. The corrosion-fatigue limit for a corrosion-resistant 
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material, therefore, is probably the most important index of its behavior 
under corrosion and cyclic stress. Nevertheless it is of theoretical, as 
well as of some practical, importance to know for such alloys the form 
and position of the constant-damage graphs and surfaces. 

In obtaining constant-damage graphs for corrosion-resistant alloys, 
the field of investigation is evidently limited to stresses between the 
corrosion-fatigue li m it and the endurance limit, as below the corrosion- 
fatigue limit pitting is negligible. Investigation is now under way to 
determine constant-damage graphs and surfaces for corrosion-resistant 
steels and non-ferrous metals. A few experiments with stainless iron and 
with monel metal indicate, as was expected, that for these two metals 
the type 9 constant-damage series is further from the origin of coordinates 
than for ordinary steels. Increase in corrosion resistance, therefore, 
moves the constant-damage surface outward and upward. 

The forms of the constant-damage graphs and surfaces for corrosion- 
resistant metals have not yet been determined. As, for such alloys, the 
effect of stressless corrosion is slight, net damage due to cyclic stress is a 
large part of the total damage. Constant-damage graphs for corrosion- 
resistant steel, therefore, may possibly resemble somewhat the constant 
net-damage graphs for carbon and ordinary alloy steels. Definite 
conclusions about this, however, must await the results of experiment. 

Summary 

This paper discusses the interrelationship of stress, time, and number 
of cycles in causing penetration of metals under corrosion. The resultant 
fatigue limit is used as a criterion of the depth and sharpness of cor- 
rosion pitting. Four variables and their interrelationship, therefore, 
are considered. 

The paper first discusses the relationship between corrosion-stress 
and resultant fatigue limit with the other two variables held constant. 
The form of the type 2 graph, representing this relationship, indicates 
local strengthening of the metal at the bottoms of the corrosion pits. 
The field of investigation is then extended to iuclude stresses between 
zero and the endurance limit. 

By thus widening the range of corrosion-stresses it was then possible 
to extend the range of cycle frequencies so as to include frequencies as 
low as 5 cycles per hour. ^‘Constant-damage” graphs were then devel- 
oped so as to represent the stress-time-cycle relationship with resultant 
fatigue limit held constant. Constant-damage series of graphs are 
discussed as various views of constant-damage surfaces. Constant- 
damage graphs and surfaces on a logarithmic scale are found to be the 
most useful method of representing the relationship between the four 
variables. Graphs for alloy steels varying widely in composition and 
physical properties are discussed. From the type 5 graphs, other 
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graphs and surfaces are developed to represent the damage (due to 
cyclic stress) in excess of the amount of damage that would be caused 
by stressless corrosion alone. 

The paper discusses the effect of steady and intermittent tensile 
stress on corrosion, also the stress-time-cycle relationship as affected by 
varying corrosion conditions, also the stress-time-cycle relation as it 
affects the corrosion of corrosion-resistant steels and non-ferrous metals. 
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Corrosion of Tin and Its AUoys 

By C. L. Mantell,* New Yoek, N. Y. 

(New York Meeting, February, 1^29) 

Although so common and well known a metal, tin is really a less 
abundant element than many of those less familiar and usually ranked 
with the scarce or rare elements, such as cerium, yttrium, lithium, 
beryllium, titanium, zirconium and vanadium. 

The color of tin is white, with a slightly bluish tinge. When it is 
compared with nickel, the latter metal is brown. When placed alongside 
of tin, chromium is definitely blue. Tin is whiter than silver or zinc. 
Exceedingly thin films of tin show various shades of brown by transmitted 
light. The metal has a brilliant luster, and when mirror-polished, has 
high light reflectivity. The luster depends to a large extent upon the 
pouring temperature at which the metal is cast. If the temperature be 
too high, iridescent colors may show on the surface. These are the result 
of oxide film formation. If the pouring temperature be too low, the 
surface is dull. Small amounts of foreign metals, such as lead, arsenic, 
antimony and iron, decrease the luster of tin and impart a yellowish tinge 
to the metal. 

The structure is decidedly crystalline. The cast metal is a mass of 
crystals. When a bar of tin is bent, it emits a characteristic creaking 
sound. This is called the ‘‘cry’' of tin, resulting from the grinding of 
the crystals one against the other during the bending of the metal. Tin 
metal may lose its crystalline structure by cold working, but grain growth 
occurs rapidly under the influence of heat. Metal which has been cast 
at a low temperature may become amorphous as the result of mechanical 
work. If such material be heated to temperatures well below the melting 
point, say at 110° C, for a half hour or for a few mintites at 150° C. 
recrystallization occurs. If the surface of tinned plate, tin foil, or tin 
metal in cast form be etched with hydrochloric acid containing a little 
free chlorine, attack occurs at the intercrystalline faces. The surface 
shows patterns resembling the frost flowers on window panes in winter. 
The etched appearance is called moirS metdUiqice. Fine dendritic surface 
crystals of tin may be obtained by casting the metal on a surface of 
polished steel. In commercial tin plate, the intercrystaUine boundaries 
are shown by fine grooves or channels, which result from the method 
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of manufacture, during which the plates are drawn from a bath of molten 
tin and allowed to drain. More fusible impurities are forced, by the 
crystallization of the tin, to the intercrystalline junctions, after which 
the still fluid impurities drain off, leaving minute channels. The flne 
grain structure obtained by quenching molten tin in water is not affected 
by annealings over long periods at temperatures below the melting point. 
If, however, so-called ''block tin'' has its crystalline structure extremely 
subdivided by severe compression, it can be caused to recrystallize at 
150° C. Tin crystals sometimes show lines which are due to stresses 
set up during rapid growth. 

Cold-rolled tin immediately after rolling shows a tendency to recrystal- 
lize at ordinary temperatures. If annealing be carried out at 170° C. to 

180° C., secondary recrystallization 
occurs. In this case the smaller 
crystals grow at the expense of their 
neighbors. The resulting metal has a 
very coarse crystalline structure. If 
rolled once again and allowed to stand, 
the primary crystals which form are 
larger than before, but about the same 
size as those produced by annealing 
at temperatures up to 150° C. 

Single crystals of tin have been 
made by a number of investigators. 
Mark and his co-workers^ found that when a tin crystal is elongated to 
a wire and heated at 150° C. for 3 min., the wire is disrupted by recrystal- 
hzation which begins at the ends, growing at the rate of approximately 
1 mm. per sec. The orientation of the new crystal in reference to the 
old one is such that the width of the wire is not changed on elongation. 
Tammann and Mansuri^ state that coalescence of the grains of powdered 
tin occurs by recrystallization at 142° C. 

Tin exists in a number of allotropic forms. These are shown diagram- 
matically in Fig. 1. At low temperatures the stable form is gray cubic 
or alpha tin, which changes at 18° C. to ordinary white tetragonal or 
beta tin. This suffers transposition at 161° C. to the so-called rhombic 
brittle or gamma tin, which at 232° C. passes into the molten state. 
Von Simson® states that according to his X-ray studies, gamma tin 
is hexagonal. 



Fig. 1. — ^EQXJiLiBRnTM diagram op 

THE ALLOTROPIC FORMS OP TIN; a, 
cubic; i?, TETRAGONAL. 


1 M. Polanyi and E. Schmid: Verfestigung und Entfestigung von Sn-Kristallen. 
Ztsch, fur Physik (1925) 32, 684. 

* G. Tammann and Q. A. Mansuri: Zur Rekristallisation von Metallen und Salzen. 
Ztsch. anorg. Chem. (1923) 126, 119. 

* Cl. V. Simson: Rontgenuntersuchimgen an Amalgamen. Ztsch, physikal Chem. 
(1924) 109, 183. 
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Bijl and Kolkmeijer^ show from their X-ray studies of gray tin that 
it crystallizes in the cubic system. Its space-lattice is of the diamond 
type, with an edge of unit cube a = 6.46 A units. 

Tin metal is soft. It can be readily cut with a knife, but when filed 
it chokes the teeth of the tool. On the von Moh scale, it shows a hardness 
of 1.8, as compared to 1.5 for lead and 2.5 for gold. The metal is slightly 
hardened by hammering. 

Tin is most ductile in the neighborhood of IW C. At about 200'' C. 
it can be pulverized in a mortar. Its tensile strength is low, being about 
1 ton per sq. in. When bars of tin are subjected to repeated bending, 
heating of the metal occurs as the result of friction of the crystals. 

The electrical conductivity of tin is about one-seventh that of silver. 
The electrical resistance varies considerably with temperature. The 
resistance of tin decreases normally with falling temperature down to 
—269.2° C., or 3.8° K., when the resistance suddenly becomes immeasur- 
ably small and the metal becomes an excellent conductor. Tin shows 
marked volume changes during melting or freezing. Conversely, the 
specific volume of tin varies markedly with temperature, and the fluidity 
increases in an almost parallel line. 

Chemical Properties op Tin 

Tin metal is not affected by hydrogen. Considerable work in the 
literature seems to indicate the possibility of the occurrence of tin hydrides 
but if they be formed, they are very readily decomposed. The metal is 
but little affected by air at ordinary temperatures, even in the presence of 
moisture, but gradually acquires a superficial tarnish. Tammann® 
estimated that to form the first visible layer of oxide coating on tin metal 
in dry air would take 36 X 10® years. Tin is readily oxidized by air at 
elevated temperatures, with the formation of its oxides. When the 
metal is heated to near its boiling point, it bums in air with a pale, white 
flame. At ordinary temperatures it is appreciably affected by moist 
oxygen. In this section we wiU attempt to confine ourselves to the 
purely chemical reactions of tin and discuss its corrosion in more detail 
elsewhere. The halides unite directly with tin, forming stannic salts. 
Dry chlorine reacts with tin at room temperatures, as shown in com- 
mercial detinning.® Fluorine does not react with tin at low temperatures, 
but at 100° C. it forms stannic fluoride. Tin is feebly attacked by 
hydrofluoric acid, slowly dissolved by dilute hydrochloric and rapidly by 
hot concentrated hydrochloric acid, with the formation of stannous 

^ CAem. Weem, (1918) 15, 1264; Proc. Acad. Amsterdam (1919) 21, 405, 494, 501. 

* Bee. Trav. Qmn. Pays-Bas (1923) 42, 547. 

* C. L. Mantell: Utilization of Chlorine in Kecovery of lin and Tin Salts from Tin 
Plate Scrap. Trans. Am. Mectrochem. Soc. (1926) 49, 267. 
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chloride and the evolution of hydrogen. The reaction is accelerated by 
the presence of small amounts of platinic chloride, or when tin is in 
contact with copper, silver, lead, or platinum metal. Hot hydrobromic 
or hydriodic acid also readily dissolves tin. Alkali hypochlorites react on 
tin, forming an oxychloride with the evolution of oxygen. 

Tin unites directly with sulfur when a mixture of the two elements is 
heated. Hydrogen sulfide does not act readily on tin at ordinary tem- 
peratures, but at 100° C. to 400° C. it forms stannous sulfide. Over 
appreciable time periods, hydrogen sulfide tarnishes tin. Ammonium 
sulfide attacks tin more readily than does hydrogen sulfide. When tin 
is fused with sodium sulfide, stannous sulfide is formed. Sulfuryl chloride 
and sulfur monochloride, S 2 CI 2 , both attack tin. Sulfur dioxide reacts 
with the metal with the formation of stannous sulfide. Dilute sulfuric 
acid does not readily react on tin in the cold, but the action is accelerated 
by the presence of oxygen. Tin reacts vigorously with selenium and 
tellurium when a mixture of the two is heated. 

Tin does not form a compound by direct union with nitrogen. It is 
oxidized by hot nitric acid to hydrated stannic oxide or stannic acids. 

The soluble salts of tin are few. Those which are commercially 
important are the chlorides, acetates, sulfates and oxalates. All of them 
show tendencies to hydrolyze. Tin in its compounds is amphoteric. 

The physiological action of tin has been the subject of widespread 
study. The number of authentic cases wherein tin and its salts have 
been poisonous is very low, being almost nonexistent. The stannous 
salts are believed to be only very slightly toxic, but the stannic salts 
somewhat more so, according to Vaubel. The rarity of tin poisoning, 
contrasted with the extended use of the metal for cooking vessels and in 
tin cans for preserving food, shows that the attendant risks are very small 
indeed. There are no special pharmaceutical preparations of tin or 
its compounds. 

Physical Corrosion — Tin Pest 

Tin is one of the few metals which have sufldcient dignity to be subject 
to a disease,'^ Many workers have observed that ordinary tin changes 
into a gray powder when exposed to extremes of cold. Medallions, 
coins and antiques in museums acquire a surface crust of powdery gray 
tin which gradually grows, seemingly self-catalyzed, until complete 
disintegration results. This is the so-called ^'tin pest'^ or disease’^ of 
the museums. Krause^ states that Aristotle^ refers to the change tin 
undergoes when subjected to extreme temperatures. Erdman,® in 1851, 
noted structural changes in organ pipes. He thought them to be the 

^E. Kraxise: Die Metamorphosen des Zinns. Prometkeiis (1900) 11, 701. 

* De Mirabilibus Aucultationibus. 

9 Jnl praU, Chem. (1851) (1), 62, 428, 
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effect of vibration. Fritzsche^® described the disintegration of pig tin. 
After exposure to the Russian winter of 1867-8, when the temperature 
during January fell as low as —38° C., some blocks of Banka tin had disin- 
tegrated to granular crystalline pieces and coarse powder. A large 
number of workers have noted the same effect. Gowland^^ refers to the 
change in an old vessel consisting of 94.35 per cent, tin, 5.06 per cent, 
lead, traces of iron and copper, 0.59 per cent, oxygen and carbon dioxide 
in the following words: 

“ The extraordinary molecular change which the metal of this vessel has undergone 
is of more interest to the physicist and metallurgist than to the antiquary. The metal 
is not much oxidized, yet it is so exceedingly brittle that it can be easily broken with 
the fingers. The effect of time upon it has resulted in a complete alteration of its 
molecular structure, the mass of the alloy being converted into an agglomeration of 
crystals, and to this its brittleness is due. On smelting and casting a small fragment, 
it is found that the crystalline structure disappeared and the metal regained its 
original toughness.” 

When tin or a tin alloy is affected by tin pest, gray-colored spots 
appear and the metal becomes quite brittle. Expansion occurs so that 
the product occupies a greater volume than the unaffected tin. The 
expansion produces pustule-like or nodular excrescences at the affected 
points. Transformation extends radially outward from the spots until 
the whole mass is infected. The metal then rapidly breaks down to a 
brittle powder. The disease is infectious and can be propagated by 
inoculation. Transformation can be begun by contact between a grain 
of the powder and a piece of sound metal. The metal becomes sick in a 
manner analogous to that of the human organism when attacked by 
pathogenic bacteria. Once infected, the whole mass is in danger. 
Powdery gray tin shows the same analysis as that of the ordinary white 
metal. In other words, gray tin is an allotropic modification of the 
elemental metal. 

E. Cohen and C. Van Eijk^^ show that the cause of tin pest is the 
enanthiomorphic change of ordinary white tetragonal tin into gray tin. 
If white tin be powdered, mixed with some gray tin, and kept at a low 
temperature, say —50° C., for a few days, the entire mass changes to 
gray tin; and conversely, gray tin changes to white tin by warming the 
mass on a water-bath. Measurements of the potential difference of the 
two forms of tin in a cell with stannous chloride as electrolyte give a zero 
value at 18° C.; at higher temperature the gray form is the positive pole, 
and at lower temperatures, the white. The transition temperature is 
18° C. Consequently, when the ordinary metal is kept below 18° C., 

Mem, Acad. St. Petersburg (1870) (1) 7, 15. 

“ Archaeologia (1899) 66, 13. 

Versl. Akad. Amsterdam (1899) 8, 36, 102. E, Cohen and C. van Eijk: Physi- 
kalisch-Chemische Studien am Zinn. Ztsch. physikcH, Chem, (1899) 30, 601. 
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it is metastable, and before equilibrium can occur, it must change into 
the gray form. White tin under ordinary conditions is in a metastable 
state; but under ordinaiy atmospheric conditions, the change is exceed- 
ingly slow. The rate of change is accelerated by lowering the temperature, 
reaching a' maximum at about —50® C., and thereafter diminishes as 
illustrated in Fig. 2. Janecke^® observed the change through an extended 
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interval of temperature about 20® C. and 
600 atmospheres pressure. 

Stepanoff^^ studied the rate of trans- 
formation of gray and white tin. 

Hasslinger^® states that a tinned iron 
vessel showed a crystalline brittle surface 
after it had been kept at 16® to 45® C. for 
2 years. He inoculated other masses of 
tin with small portions of this crystalline 
metal. These were transformed in a simi- 
lar manner, the affected area increasing 3 


TIN AT VARIOUS TEMPERA- 5 diameter daily. No difference 

TUxCJBiS* 111 T 

could be noted between experiments at 7 °, 
19° and 37° C. When tin foil was inoculated, the change extended 


through the thickness of the foil. The crystalline tin preserves its 


appearance up to near the melting point, but becomes normal after 


melting and again solidifying. E. Cohen“ showed that the structural 


change of the worked metal consists in a recrystahization process, 
the result of which is the formation of larger tin crystals from smaller 
ones; and that the various forms of mechanically worked tin are in a 
metastable condition with reference to unstrained tetragonal tin above 
18° C., and also with reference to gray tin below 18° C. 


Chemical Coerosion 

Tin is widely used in alloys, in the manufacture of tin foil, and for 
coating other metals, such as copper and iron, to render them more 
resistant to corrosion, or for decorative effects. Tin metal itself is very 
resistant to corrosion by the atmosphere or the various gases contained 
therein as a result of manufacturing processes. Water affects tin hardly 

Jfiaeoke: tJber eincii elektiisch heizbaren Dxuckapparat zur Untersucbung 
der Schmelz- und Umwandlangserscbemungen von Salzen, Saizgemischen, Metallen 
and Legierungen. ZUdi. physikal. Chem. (1916) 90, 257. 

Ann. Inst. Phys. Chem. Leningrad (1924) 2, 600. 

Sit^. Akad. Wien. (1908) 117, 501; Monatah. (1908) 29, 787. 

« Chem. Weekbl. (1906) 2, 460; (1909) 6, 625; Ztsdi. Elekirochem. (1912) 18, 616; 
(1913) 19, 23; Ztsch. physiM. Chem. (1900) 33, 57; (1900) 36, 688; (1901) 36, 513; (1904) 
48, 243; (1908) 63, 625; (1910) 68, 214. B. (ihen; The Allotropy of Metals. Trans 
Faraday Soc. (1911) 7, 122. 
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at all. At ordinary temperatures there is no tendency toward oxidation. 
Were it not for the fact that tin is electronegative to iron and strongly 
accelerates its corrosion in the presence of atmospheric electrolytes if the 
two metals be exposed at the same time — that is, if the coating be non- 
continuous — tin wonjd serve admirably as a protection to sheet steel or 
iron. The corrosion of tin in the form of tin plate in one of its widest 
uses, that of tin cans, is discussed separately. 

Small amounts of tin, when added to other metals or alloys, markedly 
increase their corrosion resistance. Desch and Whyte, in their studies 
of the microchemistry of corrosion, show the protective influence of tin 
on the copper-zinc alloys. 

Even the purest water has practically no solvent action on pure tin. 
Long experience has shown that block tin pipe, when the tin metal of which 
it is made is of good quality, is one of the best materials for conveying 
distilled water to be used for experimental purposes. Carbonated water 
has practically no solvent effect on tin metal. When the solubility of 
metals in water is determined by the conductivity method, it is found 
that twice-distilled water has practically no solvent effect on tin when the 
resultant effect is tested for by delicate conductivity measurements. 

It has now been well established that oxygen accelerates and aids the 
corrosion of tin. Jordis and Rosenhaupt^® have shown that no oxidation 
of tin takes place at ordinary temperatures, but that the oxidation does 
begin at 100° C., taking place only at a slow rate. Below 200° C. tin 
is oxidized more slowly in moist than in dry oxygen, as a result of the 
formation of the partially protective coating. 


COEROSION BT INORGANIC AciDS 

All of the halogen acids attack tin. According to Berthelot, in 
agreement with the thermal values of the reaction, tin is easily attacked 
by hydrogen iodide and hydrogen bromide, less readily by hydrogen 
chloride, and but feebly by hydrogen fluoride. It is slowly dissolved by 
dilute hydrochloric acid; with hot concentrated hydrochloric acid, hydro- 
gen is evolved and stannous chloride is formed. The dissolution of the 
tin is accelerated by the presence of a little platinic chloride or if the tin 
be in contact with copper, silver, lead, platinum, or other of the noble 
metals. Watts and Whipple^® found that with normal hydrochloric 
acid 0.0016 and 0.0016 g. per sq. cm. were dissolved from hammered 

C. H. Desch and S. Whyte: The Micro-chemistry of Corrosion. /nL Inst. 
Metals (1913) 10, 304. See abst. in Metal Ind. (1914) 11, 430; 12, 115. 

“ E. Jordis and W. Rosenhaupt: tJber die Einwirkung von Sauerstoff anf Metalle. 
Ztsch,fur angew, Chem, (1908) 21, 50; Ckem. Ztg. (1908) 32, 19. 

“ O. P. Watts and N. D. Whipple: The Corrosion of Metals by Acids. Tram. 
Am. Electrochem. Soc. (1917) 32, 257. 
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and cast tin respectively at 38° C. in 20 hr. If potassium permanganate 
to the extent of about 5 per cent, were present in solution, approximately 
0.06 g. per sq. cm. was dissolved from cast tin. The rate of corrosion 
of cast tin in normal hydrochloric acid is fairly low, and that of hammered 
tin is about 20 per cent, greater. Since tin dissolves in hydrochloric 
acid with the evolution of hydrogen, the addition of potassium per- 
manganate, a strong oxidizing agent, rapidly accelerates the corrosion. 
Hale and Foster^^^ found that fifth-normal hydrochloric acid dissolved 
tin at the rate of 0.42 g. per sq. dcm. per day during 7 days at 20° C., and 
0.90 g. during 28 days. The resistance of tin among the metals tested 
was exceeded only by that of nickel and aluminum, but tin was found to 
be considerably better than zinc, cast and wrought iron, lead, and copper. 
The superior corrosion resistance of aluminum was due to the formation 
of the protective layer of oxide. Whitman and RusselP^ found that the 
corrosion of tin by hydrochloric acid is increased by the presence of 
oxygen. Salkowsky^^ states that if hydrogen dioxide be present, free 
chlorine is evolved and the tin is attacked more readily. Prins^® found 
that the presence of easily reducible substances like benzaldehyde or 
nitrobenzene accelerates the attack of acids on tin. VaubeP^ states that 
during the dissolution of polished tin in hydrochloric acid, a black powder 
is deposited. This dissolves only very slowly, even in concentrated acid. 
He suggests that this may be a peculiar modification of the metal produced 
by the reduction of stannous chloride by nascent hydrogen. 

Alloys containing tin, antimony, and lead are readily dissolved by a 
strong solution of hydrochloric acid containing a little nitric acid. 

Hot hydrobromic or hydroiodic acid readily dissolves tin. When 
mixtures of hydrochloric and nitric acids act on tin, ammonia and 
hydroxylamine are formed. 

Chloric acid readily attacks tin, causing it to pass into solution with 
the formation of stannic chloride, without the evolution of hydrogen and 
with the production of only very small amounts of stannic acid. 

Hypochlorous acid attacks tin, and the action is accelerated by 
increasing concehtrations of the acid, or by the presence of other acids, 
particularly chloric acid. 

Nitric acid readily reacts with tin and exerts a strong corrosive effect. 
The oxides of nitrogen in small concentrations tarnish tin metal. Nitric 
acid oxidizes considerably more tin than it dissolves, and hot nitric acid 


A. J. Hale and H. S. Foster: The Action of Dilute Solutions of Acids, Alkalis, 
and Salts upon Certain Metals. Jrd, Soc. Chem. Ind. (1915) 34, 464. 

W. G. Whitman and R. P. Russell: The Acid Corrosion of Metals. Indust. & 
Engng. Chem. (1925) 17, 348; Munchen. Med. Wochemchr. (1925) 72, 1161. 

C]tem. Ztg. (1916) 40, 448. 

** Proc. Acad. Amsterdam (1922) 23, 1449. 

Ber. (1924) STB, 515. 
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converts the metal completely to hydrated stannic oxide. The products 
of the action of nitric acid on tin vary greatly with the concentration of 
the acid and with the temperature. Hale and Foster^ found that with 
fifth-normal nitric acid, the loss of metal per sq. dcm. at 20*^ C. was 4 
g. per day in 7 days, and 7.2 g. per day in 28 days. Aluminum and 
copper are markedly superior in their corrosion resistance to nitric acid. 
The presence of nitric acid in hydrochloric acid markedly accelerates the 
corrosion by hydrochloric acid. 

The presence of oxygen and oxidizing agents appreciably accelerates 
the corrosion of tin by nitric acid in various concentrations. 

Barth^® has studied the loss of weight of cobalt-tin, copper-tin-cobalt, 
and copper-tin-molybdenum alloys in various concentrations of nitric acid. 

Tin is appreciably attacked by sulfuric acid, even in dilute solutions. 
The corrosion is accelerated by the presence of chlorides. In one of the 
early articles on the corrosion of tin by sulfuric acid, Muir and Robbs*^ 
studied the effect of the concentration of the acid and the relative pro- 
portions of hydrogen, hydrogen sulfide, sulfur dioxide, and sulfur pro- 
duced, They found that when the molar proportions of sulfuric acid 
and water are as seven to two at 20*^ to 25^^ C., there is but little action. 
No hydrogen sulfide is produced, but little sulfur, and a trace of sulfur 
dioxide is formed. At 110° to 120° C. small amounts of hydrogen 
sulfide and appreciable quantities of sulfur and sulfur dioxide are pro- 
duced. When the acid and water concentrations are equal at 20° to 
25° C., traces of hydrogen sulfide and sulfur are found. At 110° to 120° 
C. there is a little hydrogen and sulfur, some hydrogen sulfide, and a 
large quantity of sulfur dioxide. When the acid-water proportions are 
as one to three, there is only a.slow action at 20° to 25° C.; but at 110° 
to 120° C. much hydrogen sulfide and a trace of sulfur dioxide are formed. 
When the acid-water concentrations are as one to five, at 25° C. the 
action is very slow; at 110° to 120° C. hydrogen and a trace of hydrogen 
sulfide are given off. Watts and Whipple^ made a careful study of the 
corrosion of tin in normal sulfuric acid. They found that 0.0006 g. per 
sq, cm. of tin was dissolved in 20 hr. at 38° C. The addition of sodium 
chlorate caused an enormous acceleration of the corrosion. With 
approximately 5 per cent, of sodium chlorate, 0.13 g. of tin per sq. cm. 
was dissolved in 20 hr. at 38° C. Rather unexpectedly, potassium 
dichromate was found to reduce the corrosion figure in grams per sq. 


A. J. Hale and H. S. Foster: Loc. cU. 

*« 0. Barth: Die Erhohung der chemischen Widerstand-fahigkeit Mechanisch noch 
gut bearbeitbarer, fair Konstruktiouszwecke verwendbarer Legierungen. Metdlr 
lurgie (1912) 9, 261. 

^ M. M. P. Muir: Detection of Tin in Presence of Antimony. Chem. News 
(1882) 46, 69. 

2* O. P. Watts and N. D. Whipple: Op. cit. 
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cm. from 0.0006 to 0.0003. Instead of strongly accelerating the cor- 
rosion, it reduced it to less than half. This effect was the result of the 
formation of a fine white precipitate which acted as a protective coating. 
Hale and Foster^^ found that with fifth-normal suKuric acid at 20® C., 
0.022 g. per sq. dcm. per day was lost during 7 days, and 0.25 g. per sq. 
dcm. per day during 28 days. 

Jones®® states that tin metal stands oleum very well and is useful in 
making condensing coils where copper would be attacked. The advis- 
ability of the use of tin in this connection is questionable, inasmuch as 
it can be supplanted by cheaper metals which have suflSlcient corro- 
sion resistance. 

Oxygen accelerates the attack of tin by sulfuric acid. In dissolving 
tin when sulfate electrolytic refining baths are made, it is found that the 
tin dissolves much more rapidly in the electrolyte if baskets containing 
the metal be exposed alternately to the solution and to the air. Hydro- 
gen dioxide does not affect the rate of dissolution of tin by sulfuric acid. 
Pyrosulfuric acid dissolves tin with the evolution of heat, forming stan- 
nous sulfate and sulfur oxides. Formaldehyde has little effect in decreas- 
ing the corrosion of tin by sulfuric acid. 

Van Name and and Selvig and Enos®^ studied the rate of solu- 
tion of tin in sulfuric acid and in mine waters containing sulfuric acid and 
iron and aluminum sulfates. 

Pure liquid hydrocyanic acid has no action on pure tin, and probably 
none on commercial tin. Gray and Hulbirt®® state that the contact 
of this acid with commercial tin causes the decomposition of the acid, 
and that the use of tin in connection with hydrocyanic acid should be 
avoided. Taplay®^ states that hydrocyanic acid gas plays a part in the 
corrosion of tinned sheet-iron parts of gas meters employed in connection 
with the distribution of manufactured gas. 

Tin is corroded somewhat by various concentrations of chromic acid. 
When the acidity is sufficiently high, the determining factor of corrosion 
is diffusion. 

A large number of patents have been taken out for etching agents, 
employing numerous salts of boric, acetic, tartaric and nitric acids in 


A. J. Hale and H. S. Foster: Loo. cU. 

G. B. Jones: Materials of Construction Used in a Chemical Works. Chem. 
Age (London) (1921) 4, 394, 416. 

H. G. Van Name and D. U. Hill: On the Rates of Solution of Metals in Ferric 
Salts and in Chromic Acid. Am. Jnl. Sci. (1916) 42, 301. 

** W. A. Selvig and G. M. Enos: Corrosion Tests on Metals and Alloys in Acid 
Mine Waters from Coal Mines. Carnegie Inst. Tech. Coal Min. Invest. Bull. (1922) 

4. 

Califoniia Agricultural Experiment Sta. Bull. 308 (1919) 408. 

G. Taplay: Internal Corrosion of Mains, Services, and Meters. Gas Jnl. 
(1920) 160, 583; Gas WorU (1920) 72, 481. - 
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dilute acid solutions for commercial etching. The salts are to be used 
either singly or in combination with each other. Although these salts 
themselves do not of themselves readily corrode tin metal, it is probable 
that they have some influence on the rate of corrosion. The attack of 
these etching agents is usually more severe along the grain boundaries 
of the metal surface than in the interior of the grain. 

A number of tests to determine the effect of the attack of acetic acid 
on block tin are reported by Calcott and Whetzel.^^ Their corrosion 
figures are given in Table 1. 

Table 1. — Corrosion of Bloch Tin by Acetic Acid 


(Calcott and Whetzel) 


Acid 1 

Concentration, 

Per Cent. 

Temperature, 
Deg. C. 

Kate of 
Corrosion, 
Inches Pene- 
tration per 
Month 

Acetic 

20 

25 

0.000412 




B.p. 

0.000896 

Acetic 

60 

25 

0.000511 




B.p. 

0.00131 

Acetic 

100 

25 

0.00160 




B.p. 

0.0140 


Acid 

Anhydride 



Acetic anhydride 

10 

90 

25 

0.00169 




B.p. 

0.0103 

Acetic anhydride 

60 

40 

25 

0.00140 




B.p. 

0.0456 

Acetic anhydride 

80 

20 

25 

0.00405 


1 

i 

B.p. 

0.0588 


Block tin was subjected to the attack of 20, 60, and 100 per cent, 
acetic acid at 25° C. and at the boiling point of the solutions. Although 
the data were obtained by one of the early corrosion methods, it clearly 
indicates that acetic acid may be safely handled in tin, at least up to 60 
per cent, concentration. It is very likely possible that at room tempera- 
tures somewhat higher concentrations may be stored in tin or tin-lined 
containers. The results also show that boiling acetic acid should not be 
handled in tin in concentrations much over 20 per cent. 

Whitman and Russell^® have shown that the corrosion of tin by weak 
nonoxidizing acids is determined primarily by the oxygen which is dis- 


W. S. Calcott and J. C. Whetzel: Laboratory Corrosion Tests. Trans. Am. 
Inst. Chem. Engrs. (1923) 16, pt. 1, 74. 

W. G. Whitman and R. P. Russell: Loc. di. 
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solved in the liquid. They show also that the presence of hydrogen exerts 
a retarding influence. The data in Table 2 are taken from their paper. 


Table 2. — Corrosion of Tin by Weak Nonoxididng Acids in Presence of 

Oxygen and Hydrogen 


Metal 

Acid 

1 

Concen- 
1 tration, 

Per Cent. 

! by Weight 

Average Penetration per Year 

Under 0* 

Under H* 

Cm. 

In. 

Cm. 

In. 

Tin 

H 2 SO 4 

6 

2.20 

0.865. 

0.018 

0.007 


HCl 

6 

5.69 

2.24 

0.030 

0.012 


HNO 3 

3 

0.325 

0.128 

0.320 

0.126 


HC 2 H 3 O 2 

6 

1.18 

0.465 

0.008 

0.003 


These figures show over a hundredfold increase with sulfuric, hydro- 
chloric and acetic acids in low concentrations when saturated with oxygen. 
In the case of nitric acid, the effect of dissolved oxygen is not important, 
because its oxidizing action is overshadowed by that of the acid itself. 


Corrosion by Organic Acids 

A number of organic fruit acids, such as citric and malic, attack tin 
quite rapidly in contact with air, but scarcely at all when air is excluded. 
At any rate, the attack is very much lessened at reduced oxygen pressures. 
A similar condition holds true for lactic acid, which attacks tin in the 
presence of oxygen but scarcely at all in vacuo or in an atmosphere of 
carbon dioxide. Appreciable concentrations of lactic acid definitely 
corrode tin. 

Oxalic and tartaric acids, even in low concentrations, dissolve tin in 
the presence of air, but the removal of oxygen definitely retards the action. 

The presence of pectin substances, particularly in canned tomatoes, 
materially retards corrosion of tin coatings. 

The moist vapors of salicylic acid, according to Whittaker,*^ do not 
seem to affect tin when the metal is used as a condensing sxirface. When 
the vapors of salicylic acid are condensed in iron equipment, they are 
given a violet coloration; but there is no coloration effect when condensed 
in tin equipment. 

Picric acid shows a definite corrosion effect on tin. Similar to other 
organic reducible compounds, the acid shows a strong accelerating effect 
on the corrosion of tin in sodium hydroxide. According to Watts and 

^ H. F. WMttaker; Materials of Construction for Chemical Apparatus. Trans. 
Am. Inst. Chem. Eng. (1923) 16, 114. 
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Whipple,®® amalgamation does not protect the tin, since no hydrogen 
is evolved. 

Phenol tarnishes and corrodes tin. When practically pure phenol is 
boiled with tin, it becomes opalescent. The phenol vapors are accom- 
panied by benzol, which is a reduction product. This reaction has been 
studied by Zoller.®® As a result of the reaction, tin is oxidized. The 
attack does not seem to take place to any appreciable extent at room 
temperatures, but only above 100° C. 

Jermstad and Gaule^° found that tin metal was colloidally dissolved 
from tin tubes when heated for 10 hr. in distilled water or 0.5 per cent, 
phenol, when the tubes were in rubbing contact. The same concentration 
of phenol has no effect on tin when pieces of the metal are not in contact. 
They found that the following solutions, with or without the addition of 
phenol, had no destructive effect on tin metal: 1 per cent, morphine 
hydrochloride, 0.01 per cent, atropine sulfate, 0.1 per cent, cocaine hydro- 
chloride, 5 per cent, sodium cacodyl, 0.1 per cent, strychnine nitrate, 25 
per cent, caffeine with sodium salicylate, Digalen, 1 per cent, novocaine. 

Corrosion bt Bases 

Tin is readily attacked by sodium and potassium hydroxides. The 
corrosion in potassium hydroxide has been studied by Nutton and Law^^ 
with the object of determining the potential of hydrogen liberated from 
this metal, and the possible application of electrolytic reduction to organic 
processes. Hale and Foster show that tin is appreciably soluble in 
caustic soda, giving a weight loss of 0.30 g. per sq. dcm. per day for 7 
days, and 0.50 g. per sq, dcm. per day for 28 days. Tin was markedly 
inferior to all the other metals tested, and was better only than aluminum 
and lead. Tin corrodes slowly in pure sodium hydroxide solution. 
Oxidizing agents, such as potassium permanganate or picric acid, 
markedly intensify the attack. Sodium arsenate and potassium nitrate 
do not accelerate the corrosion. 

In practice, tin is found to dissolve anodically in the tetra valent form, 
giving stannate as follows: 

Sn + 4 © = Sn"" 

Sn"" + 60H' = SnOa" + SH^O 

This, together with the fact that alkaline stannite solutions decompose 
spontaneously to. give metallic tin and stannate, lead to the belief that 

^ 0. P. Watts and N. D. Whipple: Loc, cit. 

H. F. ZoUer: The Interaction of Tin and Phenol. Jrd. Am. Chem. Soc. (1921) 
43, 211. 

^ Schweiz. Apoth. Ztg. (1919) 67, 89. 

Nutton and H. D. Law: The Potential of Hydrogen Liberated from Metallic 
Surfaces. Trans. Faraday Soc. (1907) 3, 50. 
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the relation between stannic and stannous ions and tin metal was similar 
to that between cupric and cuprous ions and metallic copper Opposed 
to this was the fact that tin dissolves anodically in acid solutions as 
stannous ions. Goldschmidt and Eckardt^^ found that although pure 
tin readily became passive, it also readily dissolved in alkaline solutions 
to form stannous ions. Foerster and Dolch^® found that tin metal 
stannous ion and not tin metal stannic ion is the stable system. Anodic 
tin readily passivates in alkaline solution as the result of the formation 
at definite concentrations of colloidal tin compounds which are precipi- 
tated on the electrode. This prevents a diffusion of the stannous ions, 
and the anode potential is raised to the value necessary for oxygen 
evolution. The oxygen rapidly oxidizes the stannite ion to stannate. 
Any insoluble impurities present in the tin favor the occurrence of this 
film action. The higher the temperature and the lower the current 
density, the more tin can be dissolved before the formation of stannate 
occurs. Eventually the surface becomes coated with stannic compounds, 
and the tin becomes passive. 

Tin metal is thus seen to be readily corroded by alkalies, but the cor- 
rosion may be slowed down as the result of the formation of oxide coat- 
ings by the chemical action of the hydroxides on the tin metal. 

When present in small amounts in manufactured gas, gaseous ammo- 
nia has been considered to cause corrosion of gas mains and the tinned 
sheet-iron parts of gas meters. Taplay^ has attributed the corrosion 
to the products resulting from the reactions between carbon bisulfide 
and ammonia. Henderson and Galletly^ state that when tin is heated 
in ammonia gas, the surface of the metal becomes frosted and blistered. 
At high temperatures the ammonia is decomposed. The metal seems to 
^^fix'^ no appreciable amount of nitrogen. If the work of Henderson and 
Galletly be confirmed, it is probable that the corrosion of gas meters may 
be due to contact between the ammonia and the iron at imperfections 
of the tin coating. Liquid ammonia, according to Kraus,^® does not dis- 
solve tin, but when metallic sodium has been first dissolved in the 
ammonia, the liquid has a strong solvent action on tin metal. ’Kraus 
states that solutions of tin in this reagent are red, and re£|idily conduct 
the electric current. Hale and Foster,^’ in their corrosion tests on 

H. Goldschmidt and M. Eckardt: Uber die Reduktion von NitrokSrpem durch 
alkalische ZinnoxyduUdsnngen. Ztsch. phyaikal, Chem. (1906) 66, 385. 

F, Foerster and M. Dolch: Uber das Verbalten von Zinnanoden in Natronlauge. 
Ztsch. fur Elehtrochem, (1910) 16, 699. 

J. G. Taplay: Loc. cU. 

G. G. Henderson and J. C. Galletly: The Behavior pf Metals When Heated in 
Ammonia. Jrd, Soc. Chem. Ind. (1908) 27, 387. 

^ C. A. ICraus: Solutions of Metals in Non-metallic Solvents; General Properties 
of Solutions of Metals in Liquid Ammonia, Jnl. Am. Chem. Soc. (1907) 29, 1557. 

A, J. Hale and H. S. Foster: Loc. cit. 
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tin acted on by ammonium hydroxide, indicate that this reagent is 
without attack on tin metal. 

Tin is readily dissolved and attacked by alkaline pastes which are 
employed as cosmetics; but it is corroded hardly at all by those materials, 
such as shaving creams, which are very slightly acid in reaction due to 
excess of the fatty acids, such as stearic. The use of tin in collapsible 
tubes for various creams, tooth pastes, and shaving soaps is well known. 
The average shaving soap is as nearly neutral as possible, and often is 
found to be slightly acid, due to fatty acids. Lead was found by Be 3 rthien“** 
to be less susceptible than tin to loss in weight. 

Corrosion by Salts 

Salt solutions act more rapidly on tin metal than does water. In 
certain cases, as for example the chlorides, the corrosion is quite marked. 
Salts which are decidedly alkaline, such as the carbonates and bicarbon- 
ates, corrode tin in a manner quite similar to the action of hydroxides. 

The halides are among the most active substances corroding tin. The 
eflFect of a material known under the name of ''Flammon,’' which consists 
of a mixture of ammonium fluoride and hydrofluoric acid, on the metals 
used in the brewing and related industries has been investigated by Will 
and Landtblom.^9 All percentages of Mammon show no effect on 
tin metal. 

Hale and Foster,®® in their study of the action of dilute solutions of 
acids, alkalies and salts upon metals, found that tin is appreciably attacked 
by calcium chloride solutions of fifth-normal concentrations. Only 
aluminum and nickel are attacked less, while zinc, cast and wrought iron, 
lead and copper are more readily attacked. Their results are of the 
weight-loss type, and at the present time, in view of our much better 
corrosion methods, are of little value except as indications. The attack 
on tin was about times greater than that on nickel, but only about 
one-third of that on lead. 

Solutions of ferric chloride, due to their acidic reaction, markedly 
affect tin. Together with small amounts of tin chlorides and a little 
hydrochloric acid, ferric chloride has been patented for the recovery of 
tin from tin-plated sheets, but to date it has found practically no indus- 
trial application. 

The attack of tin by magnesium chloride solutions occurs to some 
extent, but the action is slow, being of the same order as the attack by 

"A. Beythien: Metal Tubes for CJosmetics. Ztsch. Nahr, Genuas, (1922) 43, 
47. See Chem, Ahstr. (1922) 16, 2571. • 

" H. Will and F. 0. Landtblom: Effect of Different Dianfecting Agents on Metals. 
Ztsch, Ges, Brauw. (1919) 42, 81. See Chem. Ahstr. (1920) 14, 1176. 

A. J. Hale and H. S. Foster: Loc. cU. 
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calcium chloride. The resistance, however, of metals to magnesium 
chloride, as studied by Hale and Foster, shows that only nickel is 
superior in its resistance to the attack by this salt. Halla®^ studied the 
susceptibility of tin plate to attack by neutral magnesium chloride solu- 
tions. He found that when the partial pressure of oxygen is high, the 
corrosion of tin plate in gas meters is accelerated. When, however, the 
partial pressure of oxygen is lowered by the presence of illuminating gas, 
the salt seems to retard solution of oxygen in the liquid, and at the same 
time decreases the corrosion rate. 

Hale and Foster®® state that sodium chloride by itself in fifth-normal 
concentrations does not corrode tin. The results of other workers, 
however, seem to indicate that this salt has an appreciable corrosion 
effect on the metal. Jermstad and Gaule®^ report that when tin test 
pieces are boiled in a 1 per cent, salt solution and are not in rubbing con- 
tact, no tin is dissolved. If the test pieces be in rubbing contact, col- 
loidal solution of the tin takes place. Fink and Mantell®® have shown 
that the addition of sodium chloride to dilute solutions of sulfuric acid 
markedly increase the rate of solution of the tin by the acid. Jarvinen®® 
studied the attack of tin by sodium chloride solution. 

When an outside electromotive force is impressed on a cell in which 
tin is the anode in a sodium chloride solution, the metal dissolves at a 
relatively slow rate. 

Stannous chloride readily attacks tin metal. It has often been sug- 
gested in connection with acids and other salts as a detinning material 
for the removal of tin from tin-plate scrap. It accelerates corrosion of 
tin by mineral acids. Stannous chloride attacks the metal most readily 
at the grain boundaries. It has been used as an etching reagent in the 
microscopic study of tin and its alloys. 

Salt solutions, such as warm aqueous solutions of ammonium chloride, 
potassium hydrosulfate, potassium aluminum sulfate, and many other 
soluble sulfates and chlorides dissolve tin; but solutions of sodium 
nitrate, potassium nitrate, sodium tetraborate and sodium hydrosulfate 
have relatively little action. 

The action of 10 per cent, ammonium persulfate in sulfuric acid solu- 
tion causes marked corrosion. Ammonium sulfate, ammonium sulfo- 
cyanide, and ammonium thiosulfate all corrode tin. The action of cal- 


A. J. Hale and H. S. Foster: Loc, cU. 
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cium h^^pochlorite on tin is somewhat analogous to the action of hypo- 
chlorous acid. White®^ states that when calcium hypochlorite is in 
contact with tin, oxygen is liberated, and that the hypochlorite slowly 
oxidizes tin to stannic oxide with the evolution of chlorine. There are 
a number of references in the literature concerning the action of alkali 
hypochlorites on tin. They all agree that there is appreciable destruction 
on the metal surface. Weston®^ has investigated the effect of small 
amounts of calcium hypochlorite in water upon tin and other metals. 
In dilute solutions, the action is relatively slow. 

Taplay,^® as a result of his investigation of the corrosive effect of 
ferric sulfocyanide on tinned sheet-iron parts of gas meters, has come to 
the conclusion that this salt has little corrosive effect. 

Potassium chlorate and sodium chlorate markedly accelerate the 
solution of tin and tin alloys when they are subjected to attack by mineral 
acids. Watts and Whipple®® have shown that the accelerating effect of 
these salts is several hundredfold in normal sulfuric acid solution. 
Eckelmann®^ employed sodium chlorate in a rapid analytical method for 
the solution of alloys of tin in concentrated hydrochloric acid with the 
addition of a small amount of concentrated nitric acid. 

Halla®® finds that potassium cyanide hinders the corrosion of tin plate. 

It might be expected that potassium dichromate or sodium dichro- 
mate, being strong oxidizing agents, would greatly accelerate the corro- 
sion of tin in nonoxidizing mineral acids. As the result of the formation 
of an insoluble coating on the metal, the tin is protected from further 
destruction, and potassium and sodium dichromate are thus fmmd to 
have passivating action instead of accelerating corrosion. 

Van Name and Hill®® found, as a result of their study of the solution 
of tin in potassium ferric sulfate and sulfuric acid, that when the acidity 
of the solution was sufficiently high, diffusion became the most important 
factor in the velocity of the corrosion. 

Potassium ferricyanide is generally believed to be without corrosive 
attack on tin. It has been used in the conventional Walker or ferroxyl 
test®^ for the detection of pinholes in tin coatings, especially tin plate. 

A D. White: Action of Solutions of Bleaching Powder and of Hypochlorous 
Acid on Metals. Jnl. Soc. Chem. Ind. (1903) 22, 132. 

“ R. S. Weston: The Corrosive Action of Water on Metals. JtU. New Eng, Water 
Works Assoc. (1910) 24, 559. 

5® J. G. Taplay: The Corrosion of Dry Gas Meters. Gas World (1918) 69, 230; 
Gas Jnl. (1918) 144, 359. 

O. P. Watts and N. D. Whipple: IjOc. cU. 

« Chem. Analyst (1918) 25, 22. 

F. HaUa: Loc. ciL 

B. G. Van Name and D. U, Hill. Loc. dt. 

^ W. H. Walker: The Detection of Pin Holes in Tin Plate. Ind. & Eng. Chem. 
(1909) 1, 295. 
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The reagent consists of a mixture of 50 parts gelatin, 450 parts water, 1 
part potassium ferricyanide, and 1 part sulfuric acid. When spread over 
a tin-coated surface and allowed to set, blue spots appear at the pinholes. 
This reagent allows us to detect pinholes so small as not to be readily 
observable by the naked eye. 

Bums®® states that a simple and convenient method for finding pin- 
holes in tin coatings on steel consists in immersing the plated part for 
about 4 hr, in a dilute salt solution containing a trace of hydrogen 
peroxide. The solution is made by adding 5.8 g. of sodium chloride and 
3 c.c. of 3.6 per cent, hydrogen peroxide to a liter of water. The pinholes 
are revealed by the development of spots of red iron rust. The larger 
pinholes appear within 30 min., the smaller ones after 1 or 2 hr. Thus 
it is possible to get an idea of the size of the pinholes by observing the 
rate of appearance of the rust spots. 

Pitschner®® states that the American Chain Co. at Bridgeport, Conn., 
has developed a very satisfactory modification of the Walker test which 
consists in the application of the ferricyanide reagent to paper with the 
ingredients in different concentrations. The paper is wetted and applied 
to the clean surface, taken off in about 2 min., and examined for blue 
spots which are indicative of the porosity of the coating. 

Potassium and sodium nitrates, in spite of the fact that they are 
strong oxidizing agents, do not accelerate the solution of tin in alkalies. 
Potassium nitrate itself exerts only a slow corrosion effect. 

Acid solutions of potassium permanganate are reduced by tin and 
cause solution of the metal with roughening of the tin surface. The tin 
is oxidized and the permanganate reduced. In their study of the influ- 
ence of oxidizing agents on the corrosion of metals. Watts and Whipple®’ 
show that the presence of a small amount of potassium permanganate 
in a normal hydrochloric acid solution accelerates the corrosion rate 
almost 40 times, while in normal sodium hydroxide the corrosion is only 
20 times greater. 

Sodium acetate affects tin only at a slow rate. 

Jermstad and Gaule®® have reported that a 0.35 per cent, solution of 
sodium acid arsenate affects tin with the production of a noncoUoidal 
solution of the metal. The normal sodium arsenate, despite the fact 
that it is an oxidizing agent, shows no accelerating effect on the cor- 
rosion of tin in sodium hydroxide, although its own solutions cause 
appreciable tarnish on tin plate. 

C. T. Thomas and W. Blum: Protective Value of Nickel Plating, Trans, 
Am. Electrochem. Soc. (1927) 62. See discussion by R. M. Bums, p, 284. 

C, T. Thomas and W. Blum: Op. cU, See discussion by K. Pitschner, p. 

283. 
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Whittaker®® finds that tin is a satisfactory material of construction to 
resist solutions of sodium hydrosulfite. The best materials of con- 
struction to insure cleanliness of the product are tin, nickel and monel 
metal. They not only withstand corrosion by solutions and suspensions 
of the salt itself, but also the other reagents that are met wdth in the 
process of manufacture. This does not include the first step of the 
process — that is, digestion. 

COBROSION BY THE HaLOGENS AND SULFUR 

The halides in their free form unite directly with tin, forming stannic 
salts. Fluorine does not react readily with tin at low temperatures, 
but at 100° C. it forms stannic fluoride. Dried chlorine and bromine act 
on tin at ordinary temperatures. Liquid chlorine markedly attacks 
tin. Even in low concentrations, when mixed with other gases, the 
free halogens markedly attack the metal. Tin is readily susceptible to 
attack by iodine, whether in the form of solution or vapor. The rate of 
solution of tin is abnormally high, as shown by the work of Van Name 
and Bosworth’'® in their study of the attack of various metals by a solu- 
tion of iodine in potassium iodide. Iodine vapors, even in low concen- 
trations, rapidly tarnish tin metal and tin coatings. Tammann^^ 
showed that tin was soon colored yellow when placed in a desiccator in 
an atmosphere of iodine vapor, and that a fine, dark dust gathered on the 
surface of the metal. 

As early as 1860, Wohler’^^ studied the action of sulfur chloride on 
tin. He found that the reaction took place readily and to a marked 
degree. His results agree with those of Nicolardot,^^ who found that 
of all the metals only tin, aluminum, mercury and iron react with sulfur 
chloride. In 1916, Domanicki,^^ after reviewing all previous work on 
this reaction, found that ether accelerates the combination as a result of 
the formation of a complex between the ether and the sulfm chloride. 

Thionyl chloride reacts with most of the common metals and metal- 
loids. North, and Hageman^® state that when tin is heated in a sealed 

H. F. Whittaker: Op. cif. 

™ R. G. Van Name and R. S. Bosworth: On the Rates of Solution of Certain 
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tube with thiouyl chloride to 150° to 200° C., reaction takes place with 
the formation of stannous chloride, sulfur dioxide and sulfur chloride. 
In the presence of an excess of tMonyl chloride, the stannous salt is 
oxidized to the stannic form. At lower temperatures, thionyl chloride 
has to appreciable action on tin metal. 

The affinity of tin for sulfur is not very great, although the two ele- 
ments unite when heated. The reaction is vigorous and usually accom- 
panied by incandescence. Schiitz^® lists the affinity for sulfur of seven 
metals in the following order; manganese, copper, nickel, iron, tin, zinc, 
and lead. Hydrogen sulfide, even in dilute concentrations, tarnishes 
tin metal. The discoloration in tin cans has been shown by Mantell 
and Lincoln^^ to be due to sulfides of tin. When moist, sulfur dioxide is 
markedly destructive of the surface of tin metal, forming some stannous 
sulfide but also oxidizing the tin to metastannic acid. 

Corrosion by Organic Compounds 

The resistance of tin metal to attack by organic compounds is quite 
varied. The effect on the metal of various organic acids has been dis- 
cussed. The reactions of tin with the hydrocarbons, both saturated 
and unsaturated, have been little studied except in the case of acetylene. 
This gas, when either pure and dry or impure and moist, does not per- 
ceptibly attack tin metal. Acetylene gas in a pure dry state was passed 
over tin by Reckleben and Scheiber^® for 20 min. without any deleterious 
effect. The recommendation has been made that tin be applied as a 
protective coating to apparatus or metal surfaces which come in continu- 
ous contact with acetylene gas. Hodgkinson^® found that tin was 
unaffected by acetylene at high temperatures. 

When in contact with tin metal, carbon bisulfide, particularly when 
impure, readily tarnishes polished tin surfaces. Beyond a tarnishing 
effect, the attack is relatively little. 

Many of the nonferrous metals react with chlorinated hydrocarbons. 
Berger®^ describes reactions between tin and carbon tetrachloride, 
hexachlorethane, hexachlorbenzol, chloroform, tetrachlorethane, and 
hexachlorcyclohexane. These, as well as other chlorinated and haloge- 
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nated hydrocarbons corrode tin metal. In many cases the action is 
accelerated by free acid they may contain, free chlorine, or decomposition 
products formed by their exposure to sunlight and heat. 

Formaldehyde, when in contact with tin metal, causes no noticeable 
effect, but when it is oxidized to formic acid it corrodes tin. It is known 
that when as little as 1 per cent, of formaldehyde is present in solutions 
of the common mineral acids, their attack on steel is markedly lessened, 
but the same effect does not hold true in respect to tin metal. 

Pyridine and pyridine bases have been stated at various times to be 
partially responsible for the corrosion of tinned parts in gas meters and 
gas lines, although this statement is disputed by some investigators. 
The same holds true for cyanogen and cyanogen compounds. 

The action of photographic solutions on tin has been studied by 
Crabtree, Hartt and Mathews.®^ They find that tin and alloys contain- 
ing tin tend to produce high initial fog when the metal is used as a con- 
tainer for photographic developers. This fog later decreases to a normal 
value when the solution acquires better developing powers. There is a 
definite indication of the possibility of the use of a tin alloy or metallic 
couple which will gradually discharge tin into the developer and act as a 
preservative of the solution. If the tin be in contact with another metal, 
the fog it creates in the developed plates is materially increased. Tin 
as a metal is one of the least suitable for use as a material of construction 
for photographic apparatus such as trays, tanks, clamps and pipes for 
conveying photographic developers and fixing solutions. Practically 
all the other nonferrous metals are more suitable. In the case of 
developer tanks, tinned or tin-lined brass faucets should be carefully 
avoided. Tin, solder, or any alloy containing tin should be eliminated 
from all developing apparatus. 

Sch5nfeld®2 and Hirt^® attribute the turbidity resulting in beer which 
has been in contact with tin to the presence of acids contained in the 
beer or originally in the wort. The turbidity is said to be approximately 
proportional to the acidity, which may be removed by treatment with 
neutralizing agents such as limestone or calcium carbonate. Neutralized 
beer is without attack on tin and is immune to tin turbidity. 

Drugs, such as caffeine even up to 20 per cent, solution, or caffeine 
containing small amoimts of sodium salicylate, have no solvent action on 
tin either at ordinary or at elevated temperatures up to the boiling point. 

The widespread use of tinned apparatus in the production, transporta- 
tion and preparation of milk leads one to the belief that the metal has 

J. T. Crabtree, H. A. Hartt and G. E. Mathews: Effect of Electrolysis on the 
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been found by experience to be exceedingly satisfactory for this work. 
Milk has practically no corrosive effect on tin metal, irrespective of the 
length of time during which it is exposed, or the temperature. Sour 
milk readily corrodes tin in tin plate, due to the lactic acid formed. 
Much of the corrosion found in cream separator parts which are made of 
stamped sheet steel coated with tin has been found to be due to lactic 
acid formed by the souring of the milk left in the separator as the result 
of careless or insufficient cleaning. 

Sugar solutions, particularly in canned foods, serve to protect tin 
from corrosion by vegetable acids, according to Lehmann^ and Carles.®® 
More recent work by the National Canners’ Association does not confirm 
this in all respects. 

Tin metal is slightly soluble in its fused salts, particularly when these 
are subjected to electrolysis. If the temperature of the melt be allowed 
to drop rapidly, the fused salt fogs as a result of the metal precipitating 
out of the solution in the form of minute drops, which give the melt a 
dark color. 


CoEROSiON OF Tin Plate by Food Products 

The problem of corrosion of tin cans by food products which are 
packed, stored, or canned in these containers is complicated by the large 
number of factors entering into the situation. Tin cans are made of tin 
plate. It is understood that it is an exceedingly difficult matter to form 
a perfectly continuous coating of tin over the iron base metal. 

It is commonly conceded that when tin plate is exposed to atmospheric 
influence, corrosion takes place most rapidly at those points where iron 
is exposed. Small electrolytic cells are set up, and the corrosion of the 
iron plate is actually accelerated by the presence of the tin. When in 
contact with an electrolyte, iron and tin will function as a battery, iron 
being the anode and tin the cathode. The tendency will, therefore, be 
for the iron either to oxidize or to disintegrate, and for corrosion to be 
accelerated. Corrosion can proceed so far as actually to cause holes to 
form in the tin plate at those points at which there is uncovered iron. 

Corrosion of tin-plate containers used for food products produces at 
least three different types of results: first, that which is known as dis- 
coloration, which results in tarnishing, darkening, or blackening the 
bright metal surface of the inside of the container; second, termed per- 
foration, which results in the formation of holes in the cans to the detri- 
ment and spoilage of the enclosed food products (it wiU be shown that 
perforation is the result of electrol3rtic action); and third, that which we 
will term solution, the result of chemical action of the food-product 
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constituents on the metal of the container. The resulting action does 
not usually produce discoloration, but makes itself evident in other ways. 
One of the most usual is termed ^'etching which is descriptive of the 
effect. It is not meant by this classification that these factors are entirely 
separate and do not occur together, but it will be shown that they may 
occur separately without relation to each other, if conditions are favor- 
able; or that they may supplement each other or occur progressively. 

Discoloration is largely the result of chemical action of the food- 
product constituents, or resulting products of these, on the metals of the 
container. If any electrolytic action does occur, it is of second- 
ary importance. 

It is well known that many food products, such as the legumes (corn, 
peas, beans, etc.), contain suKoproteins. These materials, as a result 
of the processing of the foods in canning, may break down and produce 
hydrogen sulfide or related compounds. Iron is affected by hydrogen 
sulfide, with the resultant formation of black iron sulfide. Tin is also 
affected by hydrogen sulfide, with the resulting formation of black or 
brownish black stannous sulfide. With small amount of sulfides, the 
effect of the attack on tin may only be evident as a tarnish whose color 
may vary from blue to brownish black. The iron sulfide would be more 
readily formed, the iron being attacked more readily than the tin. 

In the case of food products, it is easy to observe the formation of 
'^can black on the covers of tin containers. Where iron has been 
exposed, the black iron sulfide forms readily. The attack on tin is less 
rapid. Chemical analysis confirms the statement that can black is iron 
sulfide. The tarnish on tin where iron has not been exposed is stannous 
sulfide. This has been confirmed both by microscopic examination, 
duplication of similar tarnishes on pure tin by the action of dilute hydro- 
gen sulfide solution, and by chemical analysis. Duplication was done 
on both electrolytic tin and commercial tin sheet. The samples were 
matched microscopically. There is no doubt that to a large extent 
discoloration is due to sulfide formation. 

In some of the large number of cans examined, there was a tarnish 
which was not stannous sulfide but looked like stannous oxide. Other 
sections of the can showed some iron sulfide tarnish in an adherent 
layer, usually along the intercrystalline boundary. In this connection, 
the action of organic acids on tin is of interest. In the absence of air, 
tin is not oxidized by such acids as tartaric, but, in the presence of 
air, oxidation of the metal takes place at the surface of the solution, the 
oxides of tin and stannous tartrate being formed. With a restricted 
amount of oxygen, the corrosion product first fonned is stannous oxide. 
This stannous oxide may be gradually oxidized further with the produc- 
tion of a brown colloidal material This substance on heating may be 
converted to the bluish white hydrated stannic oxide. Dilute oxalic, 
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tartaric, citric, malic, acetic and lactic acids all attack the tin coatings 
of cans rapidly in the air, at a slower rate in the presence of restricted 
amounts of air, but scarcely at all in vacuum or in an atmosphere of 
carbon dioxide. All of the acids oxidize more than their equivalent of 
tin, the main product being stannous oxide or stannous hydroxide. It is 
fairly adherent to the surface of the metal. 

If a pair of electrodes, one of iron and the other of tin metal, be 
immersed in the contents of a tin can containing food products preserved 
in saline solutions, an e.m.f. will be generated. The potential is very 
small and is only indicated on a sensitive millivoltmeter. The remark- 
able happening is that the voltage will rise to apeak value, fade off, drop to 
zero, and then build up to a peak value in the reverse direction. Mantell 
and Lincoln^ observed that the phenomenon of reversal of potential 
occurs only with those foods preserved in strong electrolytes. The term 
strong electrol3rtes^' is used from the viewpoint of the theory of electro- 
lytic dissociation. The fact that potentials are reversed is indicative 
that the iron has been passivated, and instead of being, as usual, less 
noble than tin, it becomes more noble than tin. Instead of functioning in 
an electrolyte as anode, its position is changed to that of cathode. The 
manner of passivation of the iron is relatively unimportant. It might be 
caused by a gaseous fihn, or a thin oxide layer, formed as a result of 
electrolytic action, or even as a result of chemical action. Examples of 
foods which show the phenomenon of reversed potentials are corn, peas, 
and beans. These do not have perforation effects, but all cause dis- 
coloration when canned. 

In contradistinction to those food products which are put up in strong 
electrolytes, most fruits, berries, etc., are put up in sugar solutions. 
These weak electrolytes are of low conductivity and high resistance, while 
the saline solutions are of high conductivity and low resistance. There 
is ordinarily no reversal as shown on a millivoltmeter with iron and tin 
electrodes. As a general rule, those foods which do not show a reversal 
of potential do not give discoloration troubles, but do give perforation 
difi&culties. If there be no reversal of potential, the iron has not been 
passivated, and at exposed spots the iron will be the anode, tin the cathode, 
and both in contact with the electrolyte. Galvanic action will be set 
up and the anodic iron disintegrate, which if carried far enough will 
cause perforation of the can. 

Kohman and Sanborn®^ conducted experiments to determine the 
mechanism of the corrosion of tin and iron, both when in contact and 
when not in contact, in fruits, and the relation of the results to the electro- 
chemical theory of corrosion. They found that in a number of fruits 
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tin is anodic to iron. Although not all fruits were studied, the data 
indicate that this is a rather general condition in canned fruits. Many 
of the facts which did not conform to the older idea that tin is cathodic to 
iron are readily explained in accordance with these new jSndings. They 
likewise made electrical measurements which bear out the results of 
the corrosion tests that tin is anodic to iron. The nature of corrosion 
in fruits is distinctly different from that in solutions of the fruit acids. 
The results are in harmony with commercial experience. 

For the sake of clarity at this point it is assumed that none of the 
constituents of the food products in the can can chemically dissolve tin. 
This condition may not exist as such in any actual specific food product. 
In order to avoid electrolytic action and resultant perforation, it would 
be necessary to have only one metal exposed to the action of the contents 
of the can. If there be two dissimilar metals, there will be electrolytic 
corrosion. In the case of tin cans, the only manner by which we can 
obtain the condition that only one metal be exposed to the action of the 
electrolyte, is to have the steel surface of the base metal completely 
covered by tin metal. 

The work of Kohman in his studies on perforation in the case of Bing 
cherries, strawberries and loganberries, shows that oxygen accelerates 
corrosion; but with the removal of the oxygen, perforation is not pre- 
vented. Excessive extension of the exhaust with resultant air removal 
does not prevent perforation. The basic explanation for perforation can 
be seen to be electrolytic. Kohman offers the explanation for the lack 
of hydrogen production in cans of those fruits which develop holes, as 
being due to depolarizers or oxidizing agents which convert the hydrogen 
to water. 

It is not the usual condition that there is no chemical action on the 
tin of the tin plate by the contents of the can. It is quite usual to have 
chemical action on the tin by organic acids along with or preceding 
electrolytic action. The corrosion of tin by organic acids has been exten- 
sively studied by workers who were experimenting without reference to 
the canning industry. Citric, a common fruit acid, definitely etches 
tin, the attack being most pronounced along the intercrystalline bound- 
aries. The tin crystals on the surface of tin plate are elongated, flattened 
and distorted due to the mechanical working, polishing and cleaning that 
the tin plate receives in its manufacture and fabrication. Malic acid, 
occurring in apples, readily attacks tin in the presence of air. With 
lessened amoxmts of air the attack wiE not proceed as rapidly. Acetic 
acid attacks tin and its aUoys. While particularly evident in sour mEk, 
lactic acid is also found in other foods. 

With the exception of canned clams, all canned foods show pH values 
lower than 7 ; that is, they are acid in reaction. While the effects of the 
different foods show slight variaticms, the general results are the same. 
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The etching due to peaches is somewhat small, but the detinning action 
of spinach is quite severe. The chemical attack of the acids in spinach 
on the tin of tin cans has been reported a number of times in the German 
and American literature. The action of pumpkin and squash is quite 
the same as that of spinach. The constituents of rhubarb, grapefruit 
and apples markedly attack tin plate. It would be expected from what is 
known of the effects of vegetable acids that the detinning action of cider 
and berries would be severe in a relative sense. This is found to be 
the case. 

Perforation troubles are usually associated with those food products 
containing constituents which chemically attack tin. If we were to 
have a completely tinned sheet free from pinholes and exposed iron, in 
contact with those foods, we would not expect electrolytic action at first 
but we would expect chemical attack. If the chemical action be con- 
tinued long enough, enough tin will eventually dissolve to expose the iron 
of the base metal. When this happens, we will again have two metals in 
contact with the electrolyse, with the iron as anode and the tin as cathode. 
If there be no neutralizing factors — ^that is, if the attacking constituent 
be neither consumed nor brought to equilibrium — ^no matter how heavy 
a coating of tin is put on tin cans, perforation will eventually occur. 

Let us return to the subject of discoloration. This has been shown to 
be largely due to the action of sulfides and sulfocompounds. Iron and 
tin sulfides are both black, an objectionable color in food products. 
Many metals form white sulfides, an example of which is zinc. It is 
thought that before the advent of the so-called “sanitary’^ can, the use 
of zinc chloride flux for soldering the cans effectively prevented discolora- 
tion. Paper liners in the cans of food products which discolor badly 
have been effectively used, the paper containing zinc salts. 

Enameled or lacquered cans have been used, the additional coating 
being made on tin plate. It is no less difficult to make a perfectly 
continuous coating of enamel or lacquer on a commercial scale on tin 
plate than it is to make a perfectly continuous coating of tin on the base 
steel plate. Chemical attack on the tin is usual in the case of those foods 
which perforate. If the enameled or lacquered coating on the tin plate 
be not perfectly continuous, chemical action of the constituents of the 
food product, instead of being spread over the whole area of the can, will 
be localized at those points where the coating is not continuous and the 
tin plate is exposed. With localized action, corrosion will be accelerated 
and perforation will result more rapidly than in an unenameled can. 
Commercial experience has shown that enameled cans perforate more 
readily than those which are not enameled. 

There seems to be a definite field for containers in which tin is absent; 
that is, a container made of sheet iron with an enameled surface. If the 
enameled coating on the steel plate were not continuous, the exposed iron 
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would be chemically attacked and rusted. The commercial feasibility 
of making such a container with a minimum of uncovered iron spots is an 
open question. How much rusting would occur in cans made of enameled 
sheet steel or how objectionable this rusting would be is not known. 
A large number of tinless cans have been used for fish products. The 
cans stood up very well. The food products were preserved in better 
condition than in ordinary cans. 

There has been one major improvement in containers, namely^ the 
development of what is known in the industry as the ^^C-Enamel Lined 
Can.^’ This C-Enamel was developed primarily to prevent iron sulfide 
discoloration in canned corn, and for this purpose it has been eminently 
successful. It has also been found that C-Enamel will prevent iron 
sulfide discoloration with clams, lobster, shrimp and crabmeat. 

C-Enamel is made by specially baking plate, under very accurate 
heat control, that has been coated with a lacquer composed of oil and 
gums that have been specially treated and mixed with an exceedin^y 
small amoimt of zinc oxide. The small amount of zinc oxide present is 
completely imbedded and protected in the enamel, so that practically 
none of it comes out into the canned food. The total amount in the 
enamel is so small that even if it all came out in the food, the Bureau of 
Chemistry’s tolerance for zinc in foods would never be reached. This 
C-Enamel is designed only for nonacid foods, and cannot be used with 
acid foods, as acid will disintegrate the enamel. The regular enamel 
used with acid foods is of entirely different character. G. S. Bohart of 
the National Canners’ Association Laboratories showed the efficacy of 
a minute amount of zinc oxide in a coating medium. A patent was taken 
out in his name and made available to the industry. Commercial can 
makers have developed C-Enamel on the basis of his discovery. 

Although much of the foregoing would seem to justify the conclusion 
that the tin can leaves much to be desired as a perfect contamer for 
preserving foods, it is weU to remember that there is not available at the 
present time as good a substitute which has all the commercial features 
of the tin can. Glass containers would elimmate corrosion, but they are 
not suitable or adaptable for cheap shipping and transportation. Paper 
containers will not ordinarily stand processing of foods. Metal con- 
tainers other than those made of tin plate bring along their own corrosion 
problems. They are also more costly. Tin cans are relatively cheap 
because of the quantities in which they are made and consumed. 

Commercially, it is to be observed that even with its defects the tin 
can is adapted to a great many different food products. Food-product 
losses due to can failures bulk very large in actual money, ^though 
the percentage of cans failing is low. An estimate of the size of the 
industry can be gained from the fact that approximately 8,00€,(K)0,000 
cans per year are used in the United States. 
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A factor to be considered in tin cans and their use is the thought that 
in. many cases the use of tin in cans is decorative. At other times it is, 
or should be, protective. 

H. A. Baker of the American Can Co. summarizes the status of the 
tin can in the canned-foods industries. He states that for foods such as 
peas, the tin can is practically a perfect container. It is very, satisfactory 
for tomato pulp and paste, asparagus, tomato and other soups, baked 
beans, red beans, string beans, lima beans; and very little difficulty is 
experienced with succotash. The tin can has served admirably as a 
container for spaghetti, pears, peaches, apricots, pineapple, prunes, 
grapes, raisins and figs, as well as ripe olives. 

Tin cans give no trouble when oysters are canned in them. In the 
case of sardines, no trouble is attributable to the use of the tin can. While 
formerly no sealing compound was used in the curl of sardine can covers, 
at the present time practically all sardine cans are sealed with a lining 
compound so that hermetic closing is possible and oil seepage prevented. 

Such trouble as has been experienced with canned milk Baker states 
is not attributable to tin plate. 

In the case of tomatoes, there are no difficulties when this food is 
properly prepared, closed and cooked. Formerly very considerable 
difficulty was experienced in the case of corn from discoloration. The 
use of C-Enamel cans over a period of years shows that this trouble 
can be completely eliminated. Apparently it is only a question of time 
when no corn will be packed in containers other than the C-Enamel can. 
Sweet potatoes, as a result of improper preparation, cause discoloration. 
Hominy often discolors the inside of tin cans. Unless special methods 
are used, a great deal of trouble with discoloration is found when okra 
is packed in tin cans. 

Clams formerly caused considerable diflSculty due to discoloration. 
The use of paper liners as well as C-Enamel cans almost entirely elimi- 
nates this trouble. Tin cans are excellently adapted for the packing of 
salmon, although slight discoloration accompanies this use of tin plate. 
With improved canning methods now in use, the packing of tuna fish in 
tin cans is very satisfactory. In the case of lobster, the discolorations 
formerly caused by this product have been eliminated almost entirely 
by the use of paper liners or C-Enamel cans. The tin can is satisfactory 
for the wet-pack method of preserving shrimp. The C-Enamel can 
prevents aU formation of iron sulfide in the wet pack. In the dry pack, 
iron sulfide formation is also practically controlled, although with this 
dry product there may be at times slight signs of iron sulfide formation, 
as the enamel is not so efficient when liquid is not present. The C- 
Enamel can will not prevent the formation of a certain amount of rust 
with dry-pack shrimp, but this can be prevented by sealing the can in 
vacuum. Paper liners containing zinc salts have been very successfully 
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applied to shrimp, lobsters and other sea foods, particularly among 
Canadian and Japanese packers of these products. 

It is recommended that heavy grades of tin coatings be used in 
the case of canned meat. Baker states that much of the trouble 
which has been experienced is not attributable to the tin plate used for 
the containers. 

It is generally believed that the tin can is an ideal container for 
sauerkraut, despite the fact that we might expect lactic acid corrosion. 
The detinning action of spinach is very severe. It is a hard product to 
hold in a tin can, and special preparation of this food is necessary when 
it is to be canned. The tin can is not satisfactory over long periods for 
the preservation of grapefruit. Special canning methods are necessary 
for canning the product to preserve it even for short periods. It is diffi- 
cult to preserve the flavor of grapefruit in tin cans. Pumpkin and 
squash have a severe dissolving action on the tin coating. The contents 
of the can are affected. Enameled cans, however, are highly satisfactory. 
Apples have often caused considerable trouble from perforations when 
they are stored or preserved in tin cans. Some of the difficulty is attribut- 
able to the method of preparation of the product. 

It is interesting to note that very little difficulty is encountered in 
canning white cherries; but black cherries are probably the most severely 
perforating article ever packed in tin cans. Red sour cherries cause 
much trouble from perforation, some of which is attributable to improper 
preparation. It is recommended that charcoal plate (a heavier grade of 
tin plate) be used. An enamel (K>ating is necessary to preserve the 
color of the cherries. Heavy tin coatings should be used for apple butter, 
although the container is at best only a temporary one. The same 
difficulties as are found with red cherries occur with plums. Baker 
states that tin plate itself gives no trouble when S3rrup is canned, but that 
considerable difficulty is experienced because of improper preparation. 

Enameled cans must be used for beets because of the bleaching action 
of the tin, and the destruction of the color of the beets. In the case of 
rhubarb, the tin can is very unsatisfactory except for a short period of 
preservation. Very little difficulty is found with jams and preserves. 
The ordinary tin can is not a satisfactory container for strawberries or 
blueberries. The chance of perforation is very high. Enameled cans 
of charcoal plate should be used for strawberries to preserve the color, 
while the same is not nece^ary for blueberries. Enameled cans must 
be used to preserve the color in huckleberries, but the chance of per- 
foration is very great. Cranberries in tin cans should be regarded at 
best only as a semiperishable article. Black raspberries give fairly good 
results if not kept too long. Red raspberries and loganberries can with 
reasonable safety be preserved in tin cans, although as a result of the 
bleaching action of the tin, enameled cans must be used to preserve the 



140 


COREOSION OF TIN AND ITS ALLOYS 


color. Tin cans are readily perforated when employed for canning cider. 
They are an unsatisfactory container for this product. 

Coerosion of Tin Alloys 

It is interesting to note some of the high points in the corrosion of 
some of the simple binary tin alloys. 

When too much tin is alloyed with aluminum, the resulting metals 
are brittle and easily oxidized. A 15 per cent, tin 85 per cent, aluminum 
alloy falls to powder after a few days. Richards®^ described a strong 
malleable alloy with 10 per cent, aluminum, which, after standing a few 
months, lost aU its malleability. It became as rotten as dried clay. 
Annealing did not restore its strength. If the alloy be fabricated into 
sheet and portions of the sheet heated, small globules sprout in all direc- 
tions. These have the same composition as the alloy. Alloys with 15 
to 50 per cent, aluminum are attacked by water at ordinary temperatures 
with the evolution of hydrogen. 

The hard tin-arsenic alloys give rise to arsine, AsHs, when treated 
with hydrochloric and other nonoxidizing mineral acids, while alloys 
with an excess of arsenic are not attacked by hydrochloric acid. 

The tin-barium alloys are readily corroded by atmospheric influences. 
With appreciable percentages of barium, they are decomposed by water, 
leaving a tin skeleton. 

In connection with corrosion of alloys by mercury, it is interesting 
to note that an alloy of two parts tin and one part cadmium, cut into 
chips on a milling machine about 0.06 mm. thick, 12 mm. long, 1 to 3 
mm. wide, and closely packed, without jamming, into a tube 1 cm. in 
diameter, 50 cm. long, was found by Welo®® to be an effective bar to the 
passage of mercury vapor from a mercury high-vacuum pump to the 
vessel to be exhausted. This was shown by means of spectrograms taken 
after allowing the pump to stand connected to the exhausted vessel 
through the tube containing the alloy. 

Similar to the tin-barium alloys, the tin-cadmium metals are rapidly 
attacked by water, air, and dilute acids. 

The alloys of tin and cerium tarnish rapidly, even when polished and 
covered with oil. They are very unstable against corroding influences. 
All the alloys containing less than 80 per cent, tin are pyrophoric. The 
alloys above 50 per cent, cerium produce showers of sparks when merely 
scratched with a hard object. The Ce 2 Sn compound has the maximum 
hardness, about 6 on the von Moh scale. It is very unstable in air, and 
vigorously reacts with water. 

“ J. W, Richards: Alumimim, 338. H. Carey Baird, Philadelphia, 1890. 

*®L. A. Welo: The Absorption of Mercury Vapor by Tin-cadmium Alloy. Phys, 
Rev. (1917) Ser. 2, 10, 583 
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In the tin-copper alloy series only one compound, CusSn, is shown on 
the equilibrium diagram. It appears as bluish gray or bluish white 
lamellae. It is rapidly attacked by hot concentrated hydrochloric acid. 

Merica®® tells of the corrosion of a copper roof which had been coated 
with tin as an added protection. The corrosion was not attributed to 
solubility of tin in water but to the action of water as an electrolyte in 
contact with the pure tin and a series of tin alloys directly underneath. 

Some white tin-copper alloys, usually approximating Cu 4 Sn, admit 
of a brilliant polish. Many of these alloys show considerable resistance 
to tarnishing. They were formerly used for mirrors and hence were 
called speculum metals. They are sometimes used in the construction 
of mirrors for optical instruments. Their composition ranges from 30 to 
34 per cent, tin and 62 to 69 per cent, copper. In some cases lead, 2 imc, 
arsenic, silver, nickel, or antimony has been added. The typical alloy 
is 70:30. The term art bronzes is applied to alloys which are employed 
for statuary, vases and ornaments of all kinds. A considerable number of 
these alloys owe their corrosion resistance to the formation of protective 
corrosion coatings. In a number of statues the proportion of copper 
ranges from 72 to 91 per cent., tin 0.15 to 10.2 per cent., zinc 0.1 to 26 
per cent., lead up to 3 per cent., and small proportions of iron, nickel 
and antimony. 

The tin-copper alloys are remarkably resistant to ordinary atmos- 
pheric corrosion. Their use for statuary, either in binary, ternary, or 
quaternary systems, is well known. Many of the coveted honors in 
life are perpetuated in bronze. An example is the Victoria Cross, the 
highest military decoration of the British Empire. These were struck 
from gun metal taken from the trophies of the previous wars. 

Many bronzes have resisted the corrorion of ages, having been 
recovered from graves, bogs, beds of lakes and rivers, buried cities, and 
from the earth. The corrosion crusts of these are generally termed 
patina, of which there are several kinds: malachite, CuC 03 .Cu(OH) 2 ; 
atacamite, CuCl2.3Cu(OH)2; and azurite, 2 CuC 03 .Cu( 0 H) 2 , admixed 
with silver, stannic oxide, iron oxide, and cupric and lead chlorides. 
These patina are the result of surface attacks by waters which contain 
oxygen, carbon monoxide, and a greater or less percentage of salts. The 
soluble salts that are formed are removed by solution, while the bronzes 
become covered according to circumstances with an insoluble layer of 
either the carbonate or the oxide whereby the form of the objects 
is preserved. 


“0 P. D. Merica: Structure of the CJoating on Tinned Sheet Copper in Relation to a 
Specific Case of Corrosion. U. S. Bur. Stds. Tech. Paper No. 90 (1917). For 
abstract see Trans. Am. Inst. Metals (1916) 10, 109; Metal Ind. (London) (1916) 9, 
618. See also Met. & Chem. Eng. (1916) 15, 415, and (1917) IS, 657. 



142 


CORROSION OP TIN AND ITS ALLOYS 


Fink and Eldridge®^ have devoted considerable study to the restora- 
tion of antique bronzes. Metal corrosion is very strongly evidenced in 
the ancient bronzes found in our public or private museums. Scientists 
have constantly endeavored, with questionable success, to restore articles 
so attacked to their original condition. Variation in the composition of 
bronzes is undoubtedly responsible for the lack of a scientific method for 
cleaning. A method which may be successful in restoring one bronze 
may have no satisfactory effect on another of like composition. 

There are two classes of bronze corrosion: the green crust which coats 
bronze and other copper alloys that have lain buried in the ground, and 
the bronze disease, akin to the familiar tin pest. The red, green, or 
brown layers on ancient bronzes are composed chiefly of copper, lead and 
tin minerals in the article which have been attacked by the nitrates and 
nitrides of the soil in which they have lain, forming a crust of copper 
oxychlorides and oxycarbonates, and tin oxide. A layer of copper oxide 
lies beneath this crust, often covering a core of metal. Sometimes the 
entire mass of bronze is converted to these compounds, leaving none of 
the original metal in the specimen. Moisture of the ground, whether 
clear water or water containing dissolved salts, is another important 
corroding agent. There are some evidences that former methods of 
removing corrosion crust were drastic. Some samples show without 
doubt that strong chemicals such as mineral acids had been applied. 
Others carry the marks of a chisel, denoting the use of crude mechanical 
means. Fink and Eldridge,®^ in their work along these lines, found that 
the details of design in the original bronze were exactly reproduced in 
the layer of copper oxide which lies beneath the outer crust. Their 
fundamental idea was to replace cathodically the metal that had gone 
into the crust, since corrosion is generally conceded to be an electrolytic 
reaction. Experiments determined that the use of a 2 per cent, solution 
of caustic soda as electrolyte was the safest for this purpose. The corroded 
object, without any preliminary cleaning, is hung in this bath as cathode, 
totally immersed. If the specimen be particularly soft as a result of 
attack, it is often necessary to wind it in several coils of fine annealed 
copper wire, or pack it in white sand. Anodes of iron, duriron, or plati- 
num are hung on either side of the article. The container is generally 
a glass jar, although large tanks of heavy sheet iron or stoneware may be 
used, depending on the size of the bronze. Low current densities are 
preferred. The evolution of hydrogen at the cathode will alter the crust 
to a powdered or spongy copper. When the gas is freely given off, the 
object is removed from the bath and washed by soaking several times in 
warm water. The film of reduced copper is brushed from the specimen, 

C. G. Fink and 0. H. Mdridge: First Report on the Restoration of Ancient 
Bronzes and Other AlloyB. Metropolitan Museum of Art, New York, 1926. 

** C. G. Fink and C, H. Eldridge; hoc,’ cU, 
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provided the latter were of hard metal under the corrosion crust, or is 
taken off by means of an acid dip if no core of metal be present. The 
exposed oxide surface, smooth and metallic, preserves all details of design. 

Some gun metals have shown remarkable corrosion resistance, as is 
exemplified by the Swedish guns with the inscriptions 1535 and 1632 
which were recently salvaged from the sea. The bronze had suffered very 
little corrosion action, although it had been submerged nearly 300 years. 

The bronzes are attacked by the free halides. Alloys with at least 
50 atomic percentage of tin are most resistant to the action of hydro- 
chloric acid mixed with ferric chloride, while the alloy corresponding to 
80 per cent, atomic weight of copper has the greatest resistance to hydro- 
chloric acid alone. Sulfuric acid attacks bronze much less vigorously 
than either copper or tin. Ammonia dissolves copper from bronze 
containing 1 to 12 per cent, tin, but is almost without action on bronze 
with 25 per cent. tin. Nitric acid acts less vigorously on bronze than 
on copper. Certain of the bronzes become passive and resistant to 
corrosion as the result of the formation of a film of stannic oxide. 

The tin-gold alloys corresponding to the compositions Sn 2 Au and 
SnAu are strongly resistant to attack by the mineral acids. The alloy 
corresponding to the composition Sn 4 Au is attacked by nitric acid and 
colored brown as a result, while the alloy approximating the composition 
Sn 2 Au is resistant to the action of nitric acid. The tin-gold alloys have 
at times found use as cheaper substitutes for the more expensive noble 
metal applications for resistance to corrosion and chemical attack. 
Infrequently tin-gold alloys have been used in jewelry and for decorative 
work. 

In connection with the tin-iron alloys, a method for determining the 
amount of alloyed tin in tin coatings has been devised by Kohman.^® 
The unalloyed tin readily dissolves in a hot solution of sodium plumbite, 
while the iron-tin alloy does not dissolve nearly as readily. The per- 
centage of aUoy in a tin coating on ordinary coke plates is readily increased 
by keeping the steel sheet immersed in molten tin and allowing it to 
come to the temperature of the tin bath prior to passage through the 
tinning machine. Kohman found that in ordinary commercial charcoal 
plate, the alloyed tin constituted about 5 per cent, of the weight of the 
coating, while in commercial coke plate the amount of alloyed tin was 
about 17.5 per cent. 

Rawdon®^ states that the effect of the alloyed tin upon the service 
behavior of the coated iron with respect to corrosion is of no practical 
importance, inasmuch as the compounds of tin and iron bear the same 

E. F. E'nhma.n and N. H. Sanborn: The Tin-iron Alloy in Tin Plate. Ind. <Sb 
Eng, Chem. (1927) 19, 514. 

H. S. Rawdon: Protective Metallic CJoatings. Chem. Catalog Co., New York, 

1928. 
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general electrochemical relation toward iron that tin does. He further 
states that the alloy formation does not increase the corrosion resistance, 
since the alloys, like tin, afford no electrochemical protection to iron 
against corrosion attack. He believes that since the alloy layer is always 
extremely thin, the possibility of the mechanical properties of the coating 
being adversely affected is a very remote one. 

In tin smelting, the tin-iron alloys are known as hardheads. These 
show considerable resistance to attack by the mineral acids, the organic 
acids, and the alkalies. They are obtained in a more or less pure condi- 
tion in smelting operations, in the crucibles or the forehearths, or on the 
beds of furnaces. They form a pale to dark gray, irregularly granular 
or crystalline, brittle, more or less completely fused mass. Hardhead 
generally consists of more or less metallic tin mechanically inter- 
mingled with the alloys of definite composition which appear to be 
chemical compounds. 

An interesting application of corrosion resistance to tarnishing by 
tin-lead alloys is in Fahlum brilliants used for stage jewelry. This is a 
40 tin 60 lead alloy, which when molten is cast into molds, facetted like 
cut diamonds. The finished brilliants showily reflect the light from their 
bright white surfaces. 

Rawdon^® related an instance of corrosion of tin-lead alloy boiler 
safety plugs which were subjected to moist heat for a considerable period 
of time. The tin had been changed to an infusible oxide and probably 
this corrosion was due more to the presence of oxygen in the steam than 
to the steam itself. 

The tin alloy pewter is a comparatively durable alloy if properly 
handled. It tarnishes on exposure to air, but this tarnish or patina does 
not detract from the value of the specimen. Corrosion does not readily 
attack pewter, nor is the alloy subject to ‘‘season cracking,'^ a disintegra- 
tion brought about through hardening. It may be cleaned with a compo- 
sition of soap and kieselguhr, applied by means of a polishing bob. The 
ancient methods employed sand and often elm leaves or plants. These 
contained siliceous matter. Unless cleaning materials are completely 
removed from the joints of pewter objects, there is a tendency to loosen 
these connections. 

Analogous to the alkaline earth metals, the tin-lithium alloys are 
readily corroded. They react with water, the lithium being attacked to 
leave a tin' skeleton. They are all white and silvery in color. They 
oxidize readily and are attacked by most chemical reagents. 

Of the tin-magnesium alloys, Phipson®® claimed that the alloy with 
85 per cent, tin 15 per cent, magnesium was lavendar blue. It decom- 

S. Rawdon: Some Types of Non-ferrous Corrosion. Trans, Am. Electro- 
chem. Soc. (1921) 39, 227. 

^ T. L. Phipson: On Magnesium. Proc, Roy. Soc. (1864) 13, 217. 
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posed water at ordinary temperatures. Beck®^ states that the molten 
alloy containing 50 per cent, tin absorbs 40 per cent, of nitrogen. 

The tin-mercury alloys have been largely used in the past for silvering 
mirrors. When alloyed with a third metal in ternary systems, they 
have been and are employed in dentistry. The tin-mercury alloys are 
not ordinarily resistant to sulfur tarnishing, nor are they as satisfactory 
for use in the manufacture of mirrors as is silver metal. 

Tin is ordinarily thought of as a deleterious constituent to platinum, 
inasmuch as the tin-platinum alloys are less resistant to corrosion in many 
cases than is platinum itself. This is particularly true in the case of 
resistance to fused salts. 

The tin-potassium alloys are similar as far as corrosion is concerned 
to the alkaline earth metals. Gay Lussac and Th^nard®® found that a 
mixture of seven volumes of tin filings to two volumes of potassium united 
with slight incandescence. A fusible brittle alloy was formed. The 
material had a fine-grained structure, oxidized quickly in air, and decom- 
posed water. WTaen larger proportions of potassium were employed, 
the alloy took fire when heated in air. A number of investigators have 
found that the tin-potassium alloys are p 3 rrophoric and liberate hydrogen 
from water. It is interesting to note that the tin-potassium alloys rapidly 
attack glass and even steel when they are molten. 

The tin-silver alloys are employed in making dental amalgams. 
Many of them are particularly resistant to corrosion and tarnishing by 
foods and the digestive fluids of the human oral cavity. The binary 
alloy appears to undergo profound changes through the lapse of time. 
Black®® showed that fresh filings of tin-silver aUoys require 50 per cent, 
more mercury for amalgamation than do similar filings which have been 
aged for several months or heated to 100° C. for a half hour. The aging 
does not occur in a bar of alloy during several weeks' heating under the 
same conditions where filings are aged in an hour. Exclusion of air 
does not affect the results. 

The tin-sodium alloys, analogous to the tin-potassium series, are 
readily attacked by water, atmospheric influences, acids, and alkalies. 
The compound NaSn 2 is the softest and toughest of all. This material, 
as well as NaSn, looks the same as tin metal. Mathewson^®® states that 
a freshly cut surface of the Na 4 Sn or the Na 2 Sn alloy soon becomes 
covered in the air with a bronze film. When protected by oil, the surface 


E. Beck: Studien tiber die Daratellung von Legiemngen nitridbildender Metalle. 
Metallurgie (1908) 6, 504. 

^ MetaU und Erz (1816) 1, 40, 

A Work on Operative Dentistry, 2, 309. Chicago, 1914; Dental Cosmos (1895) 
37, 353, 469, 553, 571, 637, 737; (1896) 38, 43, 965, 982. 

C. H. Mathewson: Cher die Verbindungen von Natrium mit Zinn. Ztsch, 
anorg. Chem. (1905) 46, 94. 
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of the Na2Sn compound resembles that of tin, while the color of the 
Na4Sn material is steel blue. The Na4Sn3 compound shows a pale blue 
color on a freshly cut surface. 

The tin-strontium alloys are similar, as far as corrosion resistance is 
concerned, to the tin-barium alloys. They are diflacult to prepare as a 
result of the rapid oxidation of the strontium metal under ordinary 
atmospheric influences. Even with protective layers of fluxes, consider- 
able metal is lost. With appreciable percentages of strontium, they are 
decomposed by water, leaving a tin skeleton. 

A summary of the applications of tin in industry as a material to 
resist corrosion shows its marked utility in connection with the prepara- 
tion of distilled water where the metal is the preferred material of con- 
struction; in apparatus in which food products are made, stored, or 
preserved, such as tinned kettles and tin cans; in the collection, trans- 
portation, and distribution of milk; and in the manufacture and use 
particularly of the tin-copper alloys, such as the sea-water bronzes, the 
gun metals, and phosphor bronze. Phosphor bronze resists the corrosion 
of sea water better than copper, and mine waters better than iron and 
steel. Many of the so-called hydraulic or high-pressure bronzes are 
markedly resistant to the corrosion action of steam and condenser water. 
The use of Admiralty metal and copper-tin alloys to resist severe corro- 
sion is well known. 


DISCUSSION 

W. S. Smith, Carteret, N. J. — Does Dr. Mantell know whether sodium silicate 
has any inhibiting effect on the action of dilute caustic on tin, similar to its effect 
mentioned in another paper on aluminum? 

C. L, Mantell. — S odium silicate, from preliminary work, has been shown to have 
an inhibiting effect. 

W. S. Smith. — Then, just in the interest of accuracy, for of course, a few errors 
are bound to slip into a great mass of data of this sort, on page 128, there is the state- 
ment: “Potassium and sodium nitrates, in spite of the fact that they are strong 
oxidizing agents, do not accelerate the solution of tin in alkalies. Potassium nitrate 
itself exerts only a slow corrosion effect. 

That is not true, because one of the main detinning processes, which was in use 
for a great many years, depended on the very fact that nitrates accelerate the solu- 
tion of tin. 

U. R. Evans, Cambridge, England. — This paper will be extremely serviceable 
to all those who have to deal with tin and tin plate. There are just two points which 
I would like to niention. 

Tammann’s estimate of the time needed to form the first visible layer of oxide 
coating on tin metal in dry air is quoted as being 36 X 10® years. Needless to say, 
I have not personally verified that figure, but Tammann’s estimates of thickness are 
based upon an optical assumption which I fear is inexact. He assumed that it is 
possible to measure the thickness of a coating by dividing the thickness of the air 
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film needed to give the same color by the refractive index of the material. That 
assumption, in my opinion, is based on a wrong optical idea. I reached this conclusion 
some years ago on theoretical grounds. Quite recently one of my research students, 
Mr. Bannister, has been investigating experimentally the assumption, which is the 
basis of Tammann’s method of estimating thicknesses, and he finds that the method 
introduces a considerable error. I fear that the figure quoted will probably have to 
be modified, if we live long enough to see the first visible layer appear on tin. 

Coming to the reversal of polarity between tin and iron, which is an important 
matter in connection with the deterioration of tin cans. Dr. Mantell did a very great 
service in calling attention to this reversal. It occurs, as a matter of fact, with many 
metals other than tin or iron; I have been able to verify the reversal in quite a number 
of pairs of metals. 

However, I find it rather difiScult to accept in an unmodified form. Dr. Mantell ’s 
interpretation of the reversal, because chlorides would tend rather to militate against 
the passivity of the iron. I have been interested in the recent work done in the United 
States by Lueck and Blair; their theory is extremely interesting and probably explains 
a great manj' of the phenomena. If I understand it right, they assume that if tin 
and iron are in contact (as in an imperfectly coated tin can), and if the conditions are 
such that the main corrosion is of the hydrogen-evolution type, hydrogen escapes 
most easily from the iron which has the lowest over-potential, and the current will 
therefore flow in such a direction as to make the iron the cathode and tin the anode. 
This is most likely to occur in the presence of acids. If the corrosion is of the ox\"gen- 
absorption type (as in nearly neutral solutions containing plenty of oxj'gen or oxidizing 
agents) other effects will come in, and quite often the iron will be the anode. This 
principle seems to explain a number of the effects noticed. 

E. S. Lincoln, New York, N. Y. (written discussion). — Dr. Mantell s work was 
prompted by the investigation made for the canning industry by the writer in 1923, 
and his continuation of these studies has proved the advisabilit}’' and correctness of the 
original investigation, which has been of material assistance to the canner. 

The canners have been confronted with a tremendous economic loss, due to the 
perforation and discoloration of cans. One result of this investigation was to show the 
packers the value of using enamel as an additional protective coating to prevent dis- 
coloration in certain food products, in the past, canners had been educated to the 
use of the term '^com black, indicating that the com alone was responsible for this 
discoloration. The proper term, as Dr. Mantell has brought out, is, of course, ‘‘can 
black,” as this discoloration is due to imperfections in the can. 

When I first discovered the reversal of potential between tin and iron, as referred 
to in this paper, I used a comparatively low-resistance millivoltmeter, together with 
an iron and tin electrode inserted in the contents of a can of com. Later on in the 
investigation, I realized the desirability of a high-resistance millivoltmeter, and when 
the same tests were repeated, the action was not so rapid. The following figures 
illustrate this: 

Millivoltmeter Millivoltmeter 

19 5 Ohms Resistance 19.5 Ohms Resistance 

Seconds to Seconds to 

Millivolts Reverse Millwolts Reverse 

2 2 30 4 

In these measurements, all conditions remained the same except the resistance of 
the millivoltmeter. 

Furthermore, reversal takes place, regardless of whether or not an electric current 
is passed between the tin and iron electrodes. 
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T\Tiat currents actually pass in the can itself are, of course, not known, and the 
many variables would greatly affect the amount which, in any event, would be 
extremely small. 

C. L Mantell. — It is gratifying that some of our early work on tin plate and tin 
can corrosion has been the subject of so much interest, and has been followed by the 
excellent and detailed work of such men as E. F. Kohman and N. H. Sanborn of the 
National Canners’ Research Laboratory, and Messrs. Lueck and Blair of the American 
Can Co., as well as a number of others whose work has thrown more light on the sub- 
ject with greater understandmg of it. 



Some New Developments in Acid-resistant Alloys 

By Burnham E. Field,* New York, N. Y. 

(New York Meeting, February, 1929) 

The chemical industry is constantly looking for new materials which 
either are more resistant to corrosion than those now available or have 
improved physical properties to meet the requirements of higher tem- 
peratures and greater pressures. Attack by acids is one of the more 
important forms of corrosion and in the last few years the development 
of acid-resistant alloys has been quite rapid. Perhaps the most notable 
example is that of nitric acid, the problem of which has largely been 
solved by the chromium-iron and chromium-iron-nickel alloys. Sulfuric 
acid may be handled in lead, iron, or the iron-silicon alloys, depending on 
conditions. As to hydrochloric acid, no metal or alloy can be called 
entirely satisfactory for handling this acid under plant conditions.^ 

The results of our investigations on the resistance of the nickel- 
molybdenum alloys to hydrochloric acid have been confirmed by those of 
Guertler, Rohn, Schulz, Jenge, and others, ^ but thus far only one such 
alloy has approached commercial production in Germany; this contains 
approximately 16 per cent, chromium and 7 per cent, molybdenum with 
the remainder chiefly nickel. Dr. S. W. Parr, as far back as 1914, 
developed a complex alloy known as ^'illium,^' with a nickel base and 
containing some molybdenum.® Dr. Parr was primarily interested in an 
alloy for lining bomb calorimeters, and while illium does show good 
resistance to acid it is too expensive for general use. Two United States 

* Union Carbide and Carbon Research Laboratories, Inc. 

^ S. Schein: Storing, Distributing and Using HCl Acid in the Plant. Chem. & 
Met. Eng. (1928) 35, 673. 

2 W. Guertler; Molybdan als Legierungsbestandteil. Ztsch. f. Metallkunde (1923) 
16, 151, 251. 

W. Guertler: Das Problem der Sauerfesten Metallischen Werkstoffe. Ztsch. 
f. Metallkunde (1926) 18, 365. 

W. Guertler und T. Liepus: Chemisch Bestandigkeit einer Anzahl Metalle und 
Legierungen besonders mit Molybdangehalten. Ztsch. f. Metallkunde (1925) 17, 310. 

W. Rohn: Sauerfeste Legierungen mit Nickel als Basis. Ztsch. f. Metallkunde 
(1926) 18, 387. 

E. H. Schultz und W. Jenge: Chemisch Bestandige Legierungen und Ihre 
Eigenschaften. Ztsch. /. Metallkunde (1926) 18, 377. 

W. Rohn: Sauerfeste Metalle und Legierungen. Korr. und Met. (1928) 4, 49. 

®S. W. Parr: Development of an Acid-resisting Alloy. Trans. Amer. Inst. 
Metals (1915) 8, 211. U. S. Patent No. 1,115,239. 
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patents'^ have been granted tb Alvah W. Clement, relating to alloys of 
nickel, molybdenum, and iron, in which the iron content was specifically 
limited to a maximum of 10 per cent. One of them also limited molyb- 
denum to 10 per cent, while the other specified a maximum of 40 per 
cent, molybdenum. 

The work of which this paper describes a part was started several 
years ago because certain rather complex nickel alloys showed what 
was considered an unusual resistance to corrosion. This developed into 
a fairly general investigation first of binary and then of ternary nickel 
alloys in an effort to find some that would be chemically resistant and 



also have physical properties qualifying them for commercial use. The 
nickel-molybdenum alloys having been discovered to possess resistance to 
hydrochloric acid, a fairly complete series of these alloys containing 
molybdenum up to the eutectic 49 per cent, was studied. Fig, 1 gives 
the corrosion curve for binary nickel-molybdenum alloys in 10 per cent, 
hydrochloric acid at 70° C., with molybdenum varying from 5 to 47 
per cent. While the alloys with more than 15 per cent, molybdenum are 
satisfactory from a corrosion standpoint, they have the disadvantage of 
being rather expensive, and further investigation was made to determine 
to what extent iron might be substituted to reduce their cost and improve 
their workability. 

It had been believed that not over 10 per cent, of iron could be 
introduced without adversely affecting the acid resistance, but this 
investigation developed the interesting fact that maxima occurred in the 
corrosion curves at from 5 to 10 per cent, of iron. Beyond these maxi- 
mum points the curves dipped again but with a second rise beyond 
25 per cent, of iron. Fig. 2 shows the corrosion Qurves in 10 per cent, 
hydrochloric acid and 10 per cent, sulfuric acid for alloys containing 
20 per cent, molybdenum and iron varying from zero to 40 per cent. 


* A. W. Clement: U. S. Patents Nos. 1375082, 1375083. 
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Curves of similar nature were obtained for alloys containing 15 and 25 
per cent, molybdenum with iron varying over the same range. The 
curves bring out the fact that corrosion does not become rapid until 
iron reaches 25 per cent, or more. Additional determinations of cor- 



Fig. 2. — Corrosion loss of nickel-molybdenum-iron alloys. 20 per cent. 

MOLYBDENUM, 0-40 PER CENT. IRON. 

rosion as related to iron content were made later, after the effects of other 
elements in the composition had been studied, when the same general 
form of curve was obtained. The curve in Fig. 3, corrosion related to 
iron content in 10 per cent, sulfuric acid, shows that the rate of corrosion 
between 15 and 25 per cent, iron changes very slowly. The curve shown 
in Fig. 3 was made on alloys that contained carbon, manganese, vanadium 
and silicon in the amounts given on page 152, whereas the alloys used in 
determining the curve shown in Fig. 2 did not contain manganese and 
vanadium, and contained only small amounts of carbon and silicon. 

The selection of the final proportions of molybdenum and iron was an 
effort to compromise corrosion resistance, cost, and workability of the 
alloys. Figs. 2 and 3 show that an iron content as high as 20 per cent, 
with molybdenum also at 20 per cent, would be safe as to corrosion. 
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With more than 20 per cent, molybdenum it would not be possible to 
increase the iron appreciably and the cost would therefore rise out of 
proportion to the gain in corrosion resistance. With molybdenum 
above 20 per cent, the alloys become stiffer and more difficult to forge. 
The curves of the three most important factors, corrosion, cost, and 
workability, seemed to intersect at 20 per cent, molybdenum and 20 
per cent, iron with the remainder chiefly nickel. 

The effect of other elements has been studied, since it is not feasible 
to make an alloy absolutely free from impurities on a commercial scale. 
The effect of increasing carbon is to harden and stiffen the alloy and at the 
same time decrease its resistance to acid. The best results are obtained 



5 10 19 20 25 M 39 40 45 SO 

PCRCENT IRON 


Fig. 3. — Corrosion of NiCKEL-MOLTnaOBNUM-iRON alloys in 10 per cent. H 2 SO 4 

AT 70° a 

with carbon not over 0.2 per cent, and it is not difficult to meet this 
specification commercially. Manganese, as in other nickel alloys, 
improves the workability and until more than 3 per cent, manganese is 
added no detrimental effect on the acid resistance is noted. In small 
amounts silicon has little effect but more than 0.5 per cent, affects the 
workability adversely. Vanadium in small quantities is valuable as a 
scavenger and a small amount of residual vanadium has been found to 
improve the acid resistance. Magnesium is useful in counteracting the 
detrimental effect of sulfur that may be present in the raw materials. 

The nickel-molybdenum-iron alloy is resistant to cold acids, except 
nitric, showing as little as 0.000001 g. lost per sq. cm. per hr., or 0.00003 
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in. penetration per month in 37 per cent. HCI at room temperature. 
Tests of 20 to 24 hr. duration under fully aerated conditions have also 
shown high resistance towards hot acids, at 70° C. and at the boiling 
points. In hydrochloric acid of 10 to 37 per cent, strength, the loss at 
70° ranges from 0.00005 to 0.00008 g. per sq. cm. per hr., the stronger 
acid being the less corrosive; at the boiling point, corrosion is about 10 
times faster. This corresponds to a penetration of about 0.002 in. per 
month at 70°. In sulfuric acid of 10 to 77 per cent, strength, the loss at 
70° falls from 0.00007 g. in the weaker to 0.00003 g. per sq. cm. per hr. in 
the stronger acid; at this temperature, corrosion in 25 per cent, sulfuric 
acid is no more rapid than in that of 77 per cent, strength. At boiling 
point, the stronger acid is the more corrosive. In formic acid at 70°, 
the loss averages 0.00008 g. per sq. cm. per hr. over the range from 10 
to 85 per cent, strength. 

Oxidizing agents such as chlorine attack the alloy with considerable 
rapidity and it is not recommended for use with chlorine unless the gas is 
dry. Solutions containing mixtures of acid and oxidizing salts also attack 
the alloy more rapidly than acid alone. It stands up well in a salt spray, 



Fig. 4. — Oxy acetylene weld in nickeit-molybdenum-ikon sheet. Photo- 
macrograph. X 3. 

is practically unattacked by alkalies, and shows fair resistance to hydro- 
gen sulfide in acid solutions, and to sulfurous acid. 

When tested in comparison with certain well-known commercial 
alloys in acids at 70° C., the nickel-molybdenum-iron composition shows 
practically the same resistance towards 10 per cent, sulfuric acid as the 
best of these, while in 10 per cent, hydrochloric acid its resistance varies 
from 10 times that of the most resistant other alloy to 18 times that of 
another well-known composition. In general, it is easier to develop 
resistance towards sulfuric than towards hydrochloric acid, but the 
nickel-molybdenum-iron alloy appears about equally resistant to either 
acid at 10 per cent, strength and at 70° C. 

The more important physical properties of the alloy are given in 
Table 1, which shows that the alloy in the worked state has physical 
properties which compare favorably with those of many high-grade steels. 
It is readily machinable; it can be hot-rolled into sheet and still further 
cold-rolled if a finer surface is desired. Gold work hardens the alloy but 
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it can be softened again by a short anneal at approximately 1050° C, 
Excellent castings can be made in sand. Welding with the oxyacetylene 
torch presents no particular difliculty to an experienced welder but the 
use of a flux is recommended to prevent oxidation, which would be 
detrimental to the acid resistance. Fig. 4 is a photomacrograph of an 
oxyacetylene weld made in nickel-molybdenum-iron sheet with rod of the 
same material. Sections cut from experimental welds similar to this 
have shown practically the same resistance to hydrochloric acid as the 
unwelded sheet; this is an unusual circumstance and is particularly 
advantageous for the fabrication of acid-resistant equipment. 

Table 1, — Physical Properties of Nickel-molybdenum-iron Alloy 


Specific gravity", forged 8 8 

Weight per cu. in,, lb . 0 315 

Weight per cu. ft., lb 514 

Melting point . . . • . 1300° C. 

Coefficient of expansion, in. per ° C 10 . 7 X 10"® 

Thermal conductivity per ° C., cal. per sq. cm. per cm. per sec . 0.004 

Electrical resistivity, microhms per cm. cube at 24° C 126 7 

Electrical conductivity, per cent, that of copper at 24° C. (75° F.) . 14 

Shrinkage, sand castings, m. per ft 

Forgings: yield point, lb. per sq. in . . . 51,700-69,100 

ultimate strength, lb. per sq. in 112,600-117,300 

elongation in 2 in., per cent . 33.5-24.1 

reduction in area, per cent . . 37.9-31.2 

Brinell hardness, average, , . ... 207 

Rockwell B. hardness, average . . ... . . 97 

Erichsen test: hot-rolled sheet . 5 0 

annealed sheet . ... . 8.0 


Figs. 5 to 8 give a good idea of the character of the structure of the 
nickel-molybdenum-iron alloy. Fig. 5 is a photomicrograph of the alloy 
cast in an ordinary ingot mold; the structure of sand-cast metal is similar 
except that it is a little coarser, due to slower cooling. Fig. 6 shows the 
structure of the same metal after the ingot has been forged to a bar 1 in. 
square. The darkly etched constituent in Fig. 5 has been broken up and 
in Fig. 6 appears to be a eutectic. Fig. 7 is the same as Fig. 6 and shows 
that of the two constituents of the eutectic one is a solid solution and the 
other is probably a ternary compound of nickel, molybdenum, and iron. 
Fig. 8 shows the structure of hot-rolled sheet which has been reheated to 
1050° C. As the reheating temperature is raised, the particles of com- 
pound appear to be partly absorbed by the solid solution. 

Another acid-resistant alloy has been developed which shows some 
promise for commercial work; it is a nickel-base alloy but contains no 
molybdenum. Nickel-silicon alloys with up to 10 per cent, of silicon are 
fairly strong but not particularly acid resistant; at about 15 per cent, 
silicon they become resistant to acid, but very brittle. Approximately 
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the same applies to nickel-aluminum alloys except that the zone of 
brittleness and resistance to acid is a little higher, being in the vicinity 
of 20 per cent, aluminum. Of the ternary nickel alloys in this group, the 
only one that combines useful strength with fairly good acid resistance is 
the one containing approximately 10 per cent, silicon and 5 ,per 
cent, aluminum. 



Fig. 5. — Cast nickeu-moltbdbnum-iron allot. X 100. 

Fig. 6. — Forged nickel-moltbdenum-iron alloy. X 100. 

Fig. 7. — Forged nickel-molybdenum-iron alloy. X 500, 

Fig. 8. — Nickel-molybdbnum-iron sheet hot-rolled to 0.040 in. thick and re- 
heated TO 1050° C. X 500. 


Studying the effect of adding copper to this nickel-silicon-aluminum 
alloy, it was found that from 2.5 to 3 per cent, copper gave a finer grained 
and considerably stronger alloy. Metallographic examination led to 
the idea that the sum of the silicon and aluminum should not exceed 12 
per cent, if the formation of certain intermetaUic compounds was to be 
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avoided. The aluminum was diminished but the copper was retained, 
and favorable results followed at once. A nickel alloy containing 
approximately 10 per cent, silicon, 1.5 to 2 per cent, aluminum, and 
3 per cent, copper makes strong, tough castings which are quite acid 
resistant. The alloy is not workable but is machinable with difldculty. 
Its Brinell hardness is about 364 and while this can be reduced to some- 
what under 300 by heating for several hours at 1050° C. and quenching 
in water, it has not been found feasible to machine the alloy with anything 
but tungsten carbide tools. These tools offer a means of performing 
simple machining operations, such as facing off a flange, when grinding 
is not convenient. Table 2 gives some of the physical properties of this 
alloy. The transverse tests were made on standard arbitration bar 
castings and loaded midway between supports 12 in. apart. A breaking 
load of 5000 lb. with a deflection of 0.070 to 0.080 in. is considerably 
above the usual values for cast iron and is about five times that of the 
commercial iron-silicon alloys now in use for acid-resisting purposes. 

While the resistance of this alloy to hydrochloric acid is not quite 
so high as that of nickel-molybdenum-iron, it is still considerably above 
that of most commercial alloys. In 10 per cent. HCl at 70° it loses 
0.00018 g. per sq. cm, per hr., corresponding to a penetration of 0.0066 
in. per month; but, unlike the nickel-molybdenum-iron alloy, it is some- 
what less resistant to stronger acid. Towards sulfuric acid at 70°, it 
shows practically the same resistance as nickel-molybdenum-iron, but 
at the boiling points it has better resistance throughout the range of 
acid concentrations investigated than nickel-molybdenum-iron at the 
same concentrations. In acetic and phosphoric acids, the alloy also 
compares favorably with nickel-molybdenum-iron. 

Table 2. — Physical Properties of Nickel-silicon-copper-aluminum Alloy 


Specific gravity 7.8 

Weight per cu. in., lb 0 . 280 

Weight per cu, ft., lb 484 

Melting point 1 1 60° C. 

CoefiScient of expansion, in. per °C 11. 6X 10“® 

Thermal conductivity per ° C., cal. per sq. cm. per cm. per sec 0 006 

Electrical resistivity, microhms per cm. cube at 24° C 113.0 

Temperature-resistance coefficient per °C 0.0013 

Electrical conductivity, per cent, that of copper at 24° C 1.6 

Shrinkage, sand casting, in. per ft 

Transverse breaking load, 12 in. span, lb 5000 

Deflection, in 0 070-0 . 080 

Modulus of rupture 78,200 

Brinell hardness 364 


Photomicrographs of the nickel-silicon-copper-aluminum alloy are 
shown in Figs. 9 and 10. This is rather a complex structure in the cast 
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Fig. 9- — Cast NicKEii-siLicoN-coppBit-ALUMiNXJM alloy. X 1(X). 

Fig. 10. — Cast nickel-silicon-coppeb- aluminum alloy. X 500. 

Fig. 11. — OxY ACETYLENE WELD'IN CAST NICKEL-SILICON-COPPER- ALUMINUM ALLOY. 

X 100. 
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state, consisting of three components, a solid solution and two eutectics. 
Figs. 9 and 10 show the structure at different magnifications and Fig. 11 
shows the structure of an oxyacetylene weld made in this alloy. The 
same three constituents appear in Fig. 11 as in Fig. 9, but the change in 
the rate of cooling has caused a change in the appearance. Because of 
the silicon and aluminum present, this alloy is a little more difficult to 
weld with the oxyacetylene torch than the nickel-molybdenum-iron alloys, 
but it can be done satisfactorily with the aid of a special flux. 

The laboratory stage in the development of these alloys is largely 
complete but laboratory corrosion tests cannot be considered as more 
than an indication of the value of an acid-resisting alloy. The ultimate 
criterion must be the test under plant conditions and such tests are now 
being made by various chemical companies. It is not expected that 
these alloys will displace other corrosion-resisting alloys, for the require- 
ments of the chemical industry vary widely both as to properties and 
permissible cost, but it is hoped that they will meet certain needs, par- 
ticularly in connection with hydrochloric acid, which have not hitherto 
been met satisfactorily by other materials. 
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DISCUSSION 

N. B. Pilling, Bayonne, N. J, (written discussion). — Perhaps one of the things 
which most impress the casual reader of the literature of corrosion-resistant alloys 
IS the contrast between the great quantity of detailed and specific information avail- 
able and the great lack of generalizations which codify even a portion of this infor- 
mation in suggestive form. Attempts to formulate such generalizations have not 
been lacking but few of these rules have proved durable. Concealed among other 
useful information in this paper by Mr. P\eld is evidence that another hoary rule 
must go by the board; namely, that which states that high resistance to corrosion is 
an attnbute only of the simple metals or of homogeneous solid-solution alloys. While 
it is true that the most familiar corrosion-resistant alloys are of this type, it requires 
only a glance at Mr. Field's photomicrographs (Figs. 8 and 10, for example) to realize 
that under some conditions a highly heterogeneous alloy may display a great resistance 
to attack. The value of generahzed deductions lies in their power to guide with con- 
fidence in new fields and to avoid, with equal confidence, nonpertinent effort It 
would seem that the future investigator could not safely consider, a priori, structural 
complexity as being incompatible with resistance to corrosion. 

Would Mr. Field agree that the particular excellence of these high-molybdenum 
content alloys in hydrochloric acid solutions is closely related to the fact that molyb- 
denum is one of the very few metals forming water-insoluble chlorides, and that the 
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absence of destructive galvanic action between phases is due to a highly effective 
film formation? 

B. E. Field. — I agree with Mr. Pilling that the insolubility of molybdenum 
chloride in water has much to do with the excellent resistance to h\'drochloric acid 
shown by these high-molybdenum alloys. His suggestion that film formation accounts 
for the absence of destructive galvanic action between the phases also seems to be a 
plausible explanation. 



Resistance of Copper-rich Copper-silicon-manganese Alloys to 
Corrosion by Acids 

By H. a. Bedworth,* Waterbury, Conn. 

(New York Meeting, February, 1929) 

Alloys of copper and silicon have been known for one hundred years 
or more but the commercial development of this type of alloy has taken 
place during the past few years. In 1905, Sperry^ proposed the use of 
copper-silicon alloys for springs and other purposes for which copper-tin 
bronzes were used. Some attention was given to this proposal at the 
time but no one succeeded in producing a practical alloy containing 
more than a fraction of a per cent, of silicon. 

The equilibrium relations of the copper-silicon system were studied 
first by Rudolfi^ and later by Sanfourche^ and Corson.'^ The constitution 
of the system has also been recently investigated by Matuyama,® and in 
the laboratories of the American Brass Co. by Smith.® Some of the 
physical properties of the copper-silicon alloys have been investigated 
by Norbury^ and by Geiss and Van Liempt.® 

Summarizing the results of various investigators of the constitution 
of copper-silicon alloys, the solubility reaches its maximum value, 6.7 
per cent, silicon, between 721® and 782° C. At 852° C. the solubility 
is 5.25 per cent., while at 400° C. it is only 4.1 per cent, silicon. 

The copper-silicon alloy begins to get so hard at about 3 per cent, 
silicon that it is difiicult to manage. It was found by Jacobs that the 
addition of manganese to this alloy considerably improved the working 

* Research Laboratory, The American Brass Co. 

^ E. S. Sperry: Silicon-copper for Spring Wire. Brass World (1905) 1, 413. 

2 E. Rndolfi: Die Silicide des Kupfers. Ztsch, anorg. Chem. (1907) 63, 216. 

3 M. A. Sanfourche: Sur les Alliages Cuivre-silicium. Rev. MH. (1919) 16,* 246. 

^ M. G. Corson: Copper Alloy Systems with Variable Alpha Range. Proc. Inst. 

Met. Div., A. I. M. E. (1927) 435. 

Merit in Copper-silicon Alloys. Iron Age (1927) 119, 353. 

® K. Matuyama: On the Equilibrium Diagram of the Copper-silicon System. 
Sci. Repts. Tohoku Imp. Univ. [1] (1928) 17, 665. 

8 C. S. Smith: The Alpha Phase Boundary of the Copper-silicon System. Jnl. 
Inst. Met. (1928) Advance Copy No. 476, 

The Constitution of the Copper-silicon System. See p. 414. 

^ A. L. Norbury: The Hardness of Certain Copper Alpha-solid Solutions. Jnl. 
Inst. Metals (1923) 29, 423. 

8 W. Geiss and J. A. M. Van Liempt: Copper-silicon Alloys of High Copper 
Content. Ztsch. anorg. Chem. (1927) 168, 31. 
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qualities and a patent covering alloys with copper, silicon, and manganese 
was issued to him.^ 

The addition of silicon and manganese is one of the most effective 
means of hardening and strengthening copper. At the same time these 
additions increase its general resistance to corrosion. 

It was in connection with the further commercial development of 
this alloy that the investigation described in this paper was carried out. 
The alloys considered were within the range of practical limits; that is, 
silicon varied from 0.5 to 4.0 per cent., the silicon-manganese ratio being 
held constant at approximately 3:1. 

Material Investigated 

The material used for this investigation was in the form of both hard- 
drawn and annealed wires, 0.183 in. dia. The hard wires were cold- 
drawn to size from wire annealed at 0.365 in. dia., a reduction of 6 B. & S. 
numbers. The annealed wires were annealed at 750° C. for hr., fol- 
lowed by air-cooling at room temperature. The composition of the 
alloys is shown by Table 1. 

Table 1. — Composition of Alloys 


Sample 

Number 

Copper, 

Per Cent. 

Silicon, 

1 Per Cent. 

1 

Manganese, 

Per Cent. 

Iron, Per 

Cent. 

99979-7 

99,31 

1 0.57 

0.22 

0.07 

182-7 

99.10 

j 0.78 

0 27 

0.05 

182-6 

98.42 

1 1.14 

0 40 

0.07 

99975-5 

97 96 

! 1.61 

0 51 

0.08 

182-4 

97.27 

! 2.12 

0.68 1 

0.11 

182-3 

96,45 

i 2.56 

0 87 ! 

0.15 

99971-2 

95,83 

j 3.04 

1.07 

0.16 

182-2 

96.03 

3.17 

0.89 i 

0.10 

182-1 

94.60 

j 4.01 

1.21 

0.20 


Table 2. — Rockwell Hardness Tests 


Sample Number | 

Silicon, Per Cent. 

j Annealed 

Hard 

99979-7 

0 57 

1 

-17 ; 

72 

182-7 

0 78 

-14 i 

76 

182-6 

1.14 

- 9 

82 

99975-5 

1.61 

-13 

102 

182-4 

2.12 

3 

98 

182-3 

2.56 

12 

101 

99971-2 

3.04 

35 

89 

182-2 

3.17 

25 

102 

182-1 

4.01 

68 1 

1 

105 


® C. B. Jacobs: U. S. Patent No. 1539260, May 26, 1925. 
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Fig. 1.— Si 0.57, Mn 0.22 
Fig. 2. — Si 0.78, Mn 0.27 
Fig. 3.— Si 1.14:, Mn 0.40 
Fig. 4. — Si 1.61, Mn 0.51 
Fig. 5.— Si 2.12, Mn 0.68 
Fig. 6.— Si 2.56, Mn 0.87 


PER CENT. Annealed at 
PER CENT. Annealed at 
PER CENT. Annealed at 
PER CENT. Annealed at 
PER CENT. Annealed at 
PER CENT. Annealed at 


750° C. FOR K hr. X 75. 

750° C. FOR M hr. X 75. 

750° C. FOR H hr. X 75. 

750° C. FOR M hr. X 75. 

750° C. FOR M hr. X 75, 

750° C. FOR M hr. X 75. 
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Fig, 7 
Fig. 8 
Fig. 9 



. — Si 3.04, Mn 1.07 per cent. Annealed at 750° C. for H hr. 

. — Si 3.17, Mn 0.89 per cent. Annealed at 750° C. for hr. 

. — Si 4.01, Mn 1.21 per cent. Annealed at 750"* C. for H he. 


X 75. 
X 75. 
X 75. 
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Rockwell hardness tests of the specimens are shown in Table 2. Tests 
were made with He-iii- dia. ball, 100-kg. load, scale. 

The structures of annealed specimens are shown by Figs. 1 to 9. The 
grain size of the annealed specimens increases with decreasing silicon 
and manganese content. 


Testing PRObEDURE 

Corrosion tests were made by alternate immersion in dilute hydro- 
chloric acid at room temperature and dilute sulfuric acid at 60° C. The 
acid concentration in each case was 10 per cent, by weight. Specimens 
were raised and lowered by mechanical means, the immersion cycle 
being IJ^ minutes in the solution followed by minutes in the air. 
The total time of test was 216 hr. The specimens were immersed in a 
horizontal position to a depth of about 2 in. below the top of the solution. 
Glass battery jars, 6 by 9 by 12 in., holding 8 liters of solution, were used 
as containers and 12 specimens were tested in each jar. The hot solution 
was maintained at 60° C., + 1° C., by means of a circulating water bath, 
the temperature of which was controlled by an electric thermostat. 
Tests were made in triplicate, using specimens 8 in. long. 

Relative corrosion was determined by measuring loss in weight, 
tensile strength, and elongation. The corrosion of all alloys was fairly 
uniform and pitting was too slight to warrant measurement. 

The test described is of the accelerated type, acceleration being 
effected by complete aeration of the film of corroding liquid adhering 
to the test pieces, as well as by alternate wetting and drying. 

Results op Tests 

Loss in weight is shown by Table 3 and Fig. 10. 


Table 3. — Loss in Weight 
Grams per Sq. In. at End of 216 Hr. 


Silicon, 

Per Cent. 

10 Per Cent. HCl 

Room Temperature 

10 Per Cent. H2SO4 

60® C. 

Hard 

Annealed 

Hard 

Annealed 

0.57 

0.99 

0 89 

1.76 

1.60 

0.78 

0.84 

0.75 

1.75 

1.68 

1.14 

0.76 

0 63 

1.78 

1.45 

1,61 

0.70 

0.49 

1.58 

1.15 

2.12 

0.73 

0.42 

1.39 

0.78 

2 56 

0.67 

0.38 

1.58 

0.85 

3.04 

0.72 

0 41 

1,37 

0,64 

3.17 

0.69 

0.42 

1.37 

0.72 

4.01 

0.69 

0.45 

1.30 

0.52 
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Tensile strength and elongation before and after corrosion are shown by 
Table 4 and Figs. 11 and 12. Loss in tensile strength and elongation 
expressed in per cent, of original properties are shown by Table 4 and 
Figs. 13 and 14. 


Table 4. — Loss in Tensile Strength and Elongation 


Slieon, 

Tensile Strength, 
Lb Per Sq. In. 

1 

Elongation in 2 In. 

Per Cent. 

Original 

Corroded j 

Loss, 

Per Cent. 1 

Original 

Corroded 

i 

Loss, 

Per Cent. 


10 Per Cent HCL — Room Temperature 
Hard Wires 


0.57 

0.78 

1.14 

66,200 ’ 
65,430 1 

78,330 ' 

55,600 
59,000 
68.400 ; 

16.0 

9.8 

12.7 

7.0 

7.7 

7.5 

7.0 

7 5 

7.2 

0 

3 

4 

1.61 

S70 

82,600 

11.1 

6 8 

6.5 

4 

2.12 

118,900 

106,200 

10.7 

7 0 

6.3 

10 

2 56 

129,830 

116,000 

10.6 

5 3 

5.5 

0 

3 04 

139,300 i 

124,000 

11.0 

4.3 

4.7 , 

0 

3.17 

141,900 

124,500 

12.3 

6.0 

5 7 

5 

4 01 

155,500 

126,600 

18.6 

0.8 

1 3 

0 


Annealed Wires 


0 5? 

36,000 

j 32,800 , 

8.9 ' 

46.8 i 

44.2 

6 

0 78 

38,300 

32,100 

16.2 

44.7 

46.7 

0 

1.14 

39,630 

35,400 i 

10.7 

48.5 

47.2 

3 

1.61 

42,470 

40,600 1 

4.4 

44.5 

42 2 

5 

2.12 

48,500 

45,700 1 

i 5.8 

55.8 

54 2 

3 

2.56 

57,530 

51,700 

10.1 

55.5 

58 5 

0 

3 04 

64,700 

60,900 

5.9 

56 0 

54.2 i 

3 

3 17 

63,230 1 

59,000 

6 7 1 

58.2 

57.2 I 

2 

4.01 

78.470 I 

72,800 

7.2 i 

46.2 

44.2 

9 


10 Per Cent. HsSOr-60° C. 
Hard Wires 


0.57 

66,200 

51,000 

23.0 

7.0 

5 8 

17 

0.78 

65,430 

50,300 

23.2 

7.7 

6 3 

IS 

1.14 

78,330 

58,400 

25.5 

7.5 

5 7 

24 

1,61 ! 

92,870 

72,000 

22.5 

6.8 

5 5 

19 

2 12 

118,900 

98,000 

17 6 

7.0 

5 3 

24 

2.56 

129,830 

103,300 

20 4 

5.3 

4 5 

15 

3.04 

139,300 

113,000 

18.9 

4.3 

4 3 

0 

3.17 

141,900 

113,000 

20.4 

6 0 

4 2 

30 

4.01 

155,500 

110,000 j 

29.2 

0 8 

0.8 

0 

Annealed Wires 

0.57 

36,000 

29,900 

17.0 

46.8 

i 40 3 

! 14 

0.78 

1 38,300 

28,000 

26 9 

44.7 

41 0 

S 

1 14 

39,630 

31,000 

21.8 

48.5 

39.3 

19 

1.61 

42,470 

35,900 

15.5 

44.5 

36 7 

18 

2.12 

48,500 

43,300 

10.7 

55.8 

45 7 

18 

2 56 

57,530 

48,700 

15 4 

55.5 

55 2 

0.5 

3 04 

64,700 

59,300 

8.4 

56.0 

49.8 

11 

3.17 

63,230 

58,000 

8.3 

58.2 

51.3 

12 

4 01 

78,470 

1 

73,300 

6.6 

1 

46.2 

37.0 

20 




166 EESISTANCE OF COPPER-SILICON-MANOANESE ALLOYS TO CORROSION 


Discussion of Results 

In presenting and discussing results, the alloys are referred to accord- 
ing to silicon content, as this is the most important factor under con- 
sideration, with regard to the composition of the alloy. It should be 
borne in mind that these alloys contained also manganese in the ratio 

3 silicon:! manganese. 

The loss in weight in both hydrochloric and sulfuric acids (Fig. 10) 
decreases rapidly from 0.5 to 2 per cent, silicon. In hydrochloric acid 
the loss in weight is practically constant with alloys containing from 2 to 

4 per cent, silicon, while in sulfuric acid it decreases slightly as the silicon 



lOXHCL" Room limp. 




Hari-Pmv/n 

Mnt 






T 

r* 


So / 2 J ¥ 

SiUCCN-PER CCNT 



Fig. 10. — ^Loss in weight after corrosion. 


content increases from 2 to 4 per cent. The annealed specimens of higher 
silicon content (2 to 4 per cent.) show much less loss in weight than the 
hard specimens, while with decreasing silicon content (2 to 0.5 per cent.) 
the loss of the annealed specimens approaches that of the hard- 
drawn specimens. 

The tensile strength of hard-drawn specimens before corrosion (Fig. 
11) increases from 66,000 to 155,000 lb. per sq. in. The curves represent- 
ing tensile strength of corroded hard specimens parallel roughly those of 
original strength from 0.5 per cent, to approximately 2 per cent, silicon, 
and show divergence above 2 per cent, silicon, the rate of divergence 
increasing above 3 per cent. The curves representing tensile strength of 
annealed wires after corrosion are practically parallel to those represent- 
ing original strength. 
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The elongation of corroded specimens (Fig. 12) parallels roughly the 
original elongation. 

The relative effects of corrosion as measured by loss of strength and 
elongation are presented in a more direct manner by Figs. 13 and 14, 
which show graphically the percentage loss based on original tensile 
strength and elongation. The percentage loss of strength of hard speci- 
mens decreases as the silicon content increases from 0.5 to 2 per cent.; 




Fig. 11, — Tensile strength before and after corrosion. 

is practically constant from 2 to 3 per cent., reaching a minimum at 
approximately 2.5 per cent, silicon; and increases rapidly from 3 to 4 
per cent, silicon. The loss of strength of annealed specimens in hj^dro- 
chloric acid decreases from 0.5 to 2 per cent, silicon and becomes constant 
as the silicon content increases from 2 to 4 per cent. In sulfuric acid the. 
loss in strength decreases regularly as the silicon content increases from 
0.5 to 4 per cent. 

Curves showing percentage loss in elongation (Fig. 14) indicate that 
the composition of these alloys, within the limits of these tests, was 
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without influence on the loss in elongation due to corrosion. It is 
appreciated that the curves representing elongation are more or less 
approximations, as the experimental error in individual determinations 
was unfortunately large, due to the necessity of using relatively short 
specimens. 

The sharp rise in the curves representing percentage loss in strength 
of hard-drawn wires containing more than 3 per cent, silicon (Fig. 13) is 




Fig. 12. — Elongation befoee and after corrosion. 

extremely interesting, and suggests the possibility of difference in con- 
stitution of the alloy containing 4 per cent, silicon. Examination under 
the microscope at high powers revealed small undissolved particles of 
grayish blue Mn 2 Si in both hard and annealed specimens containing 
4.01 per cent, silicon and 1.21 per cent, manganese. Figs, 15 and 16, 
magnification 500, illustrate the structures of specimens with Mn 2 Si 
inclusions. No inclusions of Mn 2 Si were visible in specimens containing 
3.17 per cent, silicon and 0.89 per cent, manganese. Galvanic action, 
due to the presence of Mn 2 Si inclusions in the hard-drawn specimens 
containing 4 per cent, silicon, may possibly explain the relatively greater 
loss of strength after corrosion of this alloy. Annealing apparently 
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counteracts the harmful ejffect of these inclusions. It should be noted 
particularly that the determination of tensile strength shows a definite 




Fig. 13. — ^Loss in tensile strength as percentage of original strength. 



Fig. 14. — ^Loss in elongation as percentage op original elongation. 

difference in the relative corrosion of alloys containing 3 and 4 per cent, 
silicon, respectively, which would be lost sight of entirely if only determin- 
ation of loss in weight were relied on as a criterion. 
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The marked difference in relative corrosion of hard and annealed 
specimens of higher silicon content is of particular interest, as this 
difference has not been observed to occur generally in tests of other 
commercial copper alloys. Our present knowledge does not afford a 
satisfactory explanation of this phenomenon and it is hoped that further 
work will shed light on this point. 



Fig. 15. Si 4.01, Mn 1,21 per cent. Hard-drawn 6 B. & S. numbers. Lightly 
ETCHED. X 500. 

Fig. 16. — Si 4.01, Mn 1.21 per cent. Annealed at 750° C. for li hr. Lightly 
ETCHED. X 500. 

Summary 

1. Corrosion tests of copper-silicon-manganese alloys, varying in 
composition from 0.5 per cent, silicon, 0.2 per cent, manganese to 4.0 
per cent, silicon, 1.2 per cent, manganese (silicon-manganese ratio 1:3) in 
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hydrochloric and sulfuric acids have shown that additions of silicon and 
manganese up to 3 and 1 per cent., respectively, materially increase the 
corrosion resistance of the alloy to these acids. Little further benefit 
is realized by additions beyond this amount. 

2. Hard-drawn wires containing more than 2 per cent, silicon showed 
decidedly greater loss by corrosion than annealed wires of the same 
composition. The loss of annealed wire approached that of hard wire 
as the silicon content decreased from 2.5 to 0.5 per cent. 

3. Hard-drawn wires containing 4 per cent, silicon and 1.2 per cent, 
manganese showed much greater loss in tensile strength after corrosion 
than did hard-drawn wires containing 3.2 per cent, silicon and 0.9 per 
cent, manganese. It was found by examination under the microscope 
that the 4 per cent, alloy contained small undissolved particles of MnsSi 
whereas the 3 per cent, alloy did not, which may explain this effect. 
Annealed wires of the 4 per cent, alloy also showed Mn 2 Si inclusions, 
but showed practically the same corrosion rate as the 3 per cent, alloy. 
Annealing apparently counteracts the harmful effect of MnoSi inclusions. 

4. Corrosion testing procedure is described in which not 'only loss in 
weight but also loss in tensile strength and elongation has been deter- 
mined. This method of procedure has been found satisfactory for 
testing various nonferrous alloys and series of alloys. In the study of 
alloys which are heterogeneous, loss in weight alone has been found to 
be an unreliable criterion, and in such cases the determination of effect of 
corrosion on physical properties is most essential in the estimation of 
relative corrosion resistance. 


DISCUSSION 

D. E. Ackerman, Bayonne, N. J. (written discussion). — It is not the purpose of 
the paper just read to discuss the technique of corrosion testing; at the same time the 
conclusions are based upon the results of corrosion tests and are valid only in so far 
as the variables affecting corrosion processes are properly controlled. In the present 
case several elements of control in testing seem to be lacking. 

Dissolved oxygen in the corroding solution is now recognized as one of the most 
important variables in corrosion testing. The author has used the alternate immersion 
test, in which the specimen is periodically T\dthdrawn from the body of corroding 
solution and exposed to the air while wet, the assumption being that the film of solu- 
tion on the specimen will absorb air. The writer has found that if , as in the author’s 
experiments, a copper wire is dipped horizontally into a 10 per cent, hydrochloric acid 
solution at room temperature (18° C.) and is then held in the air the solution is by 
no means distributed as an approximately even film, and after 1.5 mm. the wire will 
be almost if not quite dry. During this time the outer layers of the solution film 
have evaporated, and the concentration of compounds in the film has proportionately 
increased. This produces at least two results: (1) the concentration and nature 
of the solution film next to the specimen may change considerably and over an 
unknown range from the concentration and nature of the original test solution, so 
that the conditions responsible for the corrosion are no longer clearly defined; (2) the 
increase in concentration of the solutes in the film generally lowers the amount of 
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oxygen which is soluble in the film of solution. To be conservative, we may assume 
that only one-half of the solution film evaporates during the exposure of the specimen 
to air; a 10 per cent solution of sulfuric acid vrould then become concentrated to 20 
per cent., provided none of the solute volatilizes, and at 25° C. this change in acid 
concentration would reduce the maximum oxygen solubility in the film from about 
0.039 to 0.031 g. per liter, a reduction of about 20 per cent., and the data available 
indicate that the corresponding change in oxygen solubility in hydrochloric acid is 
of the same order of magnitude. This suggests that the oxygen content of the solution 
film on the alternate immersion specimen at the time of reimmersion may easily be 
appreciably lower than that of the solution in contact with a specimen constantly 
totally immersed in a moving air-saturated solution. 

The amount of oxygen that will dissolve in the film of solution on the specimen 
exposed to the air thus depends, among other things, upon the concentration and rate 
of evaporation of the film itself. Some other factors mfluencing the oxygen content 
of the solution film are the presence of air currents and the atmospheric temperature 
and humidity, variables which the author apparently did not control. That this 
lack of control constitutes a practical objection to the technique employed is evidenced 
by the report of Committee B-3 of the American Society for Testing Materials for 
1927. The report, discussing the causes for the wide variation m results obtained 
by different laboratories, says,^^ . . the temperature and humidity of the air 
over the apparatus gave rise to great variations. ... It was apparent that the 
samples should either be positively dry in as short a time as possible or else kept 
positively moist for the entire part of the cycle in which they were suspended in the 
air. ... It was decided to adopt, for the present, the policy of using a higher tem- 
perature of solution, thereby resulting in the almost immediate and complete drying 
of the samples.’^ The temperature adopted was 60° C., the same as that used by Mr. 
Bedworth in the sulfuric acid tests. This procedure largely eliminates variations due 
to the affect of atmospheric temperature and humidity but, by subjecting the specimen 
to the action of a corrodant whose nature and concentration changes over an even 
wider range than at low testing temperature, aggravates the two objectionable features 
of the test which were mentioned in the second paragraph of this discussion. Another 
objection to the practice of maintaining the solution at a high temperature without 
also controlling air currents and atmospheric temperature is that the temperature 
of the specimen at the time of reimmersion will not be constant but will fluctuate with 
the atmospheric temperature, and this leads to stiU further difficulty in closely defining 
the test conditions, since both the specimen temperature and the nature and concen- 
tration of the solution film next to the specimen are varying simultaneously, the latter 
over a range whose limits can be only approximately defined. 

Another variable which the author seems to have neglected is the composition of 
the atmosphere into which the specimens are raised. Gases other than nitrogen and 
oxygen will also be absorbed in proportion to their respective partial pressures. Gases 
such as hydrogen sulfide, sulfur dioxide, ammonia, etc., are usually present in labo- 
ratory atmospheres and it has been my experience that small quantities of such com- 
pounds may radically change the nature of the attack. On this point the report of 
Committee B-3 says: '^Control of laboratory atmosphere is essential.” 

While the writer has not made a critical study of the alternate immersion test, 
it appears to him that in order to use this test to obtain data under accurately defined 
conditions all of the variables encountered in total immersion testing must be con- 

^0 0. B. J. Fraser, D. E. Ackerman and J. W. Sands: Controllable Variables in the 
Quantitative Study of the Submerged Corrosion of Metals. Ind. <Sb Ejig. Chem. 
(1927) 19 , 332. 

Trans, A. S. T. M. (1927 '.27, 1, 283-284. 
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trolled and, in addition, such other variables (atmospheric temperature, humidity 
and air currents) as tend to alter the characteristics of the film of solution on the 
specimen must also be controlled. The necessity for the control of this latter class of 
variables, which seems inherent in the method of test, gives rise to serious experimental 
difficulties which are not encountered in the total immersion test as descnbed by Fraser, 
Ackerman and Sands, and by Pilling and Ackerman,^® and the writer would like 
to ask the author to express his opinion of the importance of the variables discussed 
above as they affect the results obtained in alternate immersion testmg. In any 
event, the work of Thompson and McKay and others makes it seem desirable to 
control the oxygen content of the bath of solution and to provide for movement of the 
solution relative to the specimen. Motion is especially important in the study of 
high-copper alloys, as they are unusually susceptible to ionic polarization. 

Tests run at an uncontrolled “room temperature^^ are difficult to interpret, espe- 
cially when, as in the paper under discussion, no record of the temperature is available. 
Experience indicates that what is called “room temperature is actually an ill-defined 
range of temperature. In controlled total immersion tests we have found that certain 
types of alloys are so sensitive to testmg temperature in the “room temperature’^ 
range that a small drop in the controlled temperature within this range, such as may 
take place during the night, suffices to change the afioys from a freely corroding to 
an almost or completely resistant condition. In making corrosion tests on alloys 
intended for service over a range of temperature it is usually better to run tests at a 
series of temperatures over the range to be encountered, for to show that the effect 
of temperature is negligible, than to attempt to duplicate poorly defined service 
fluctuations. 

No mention is made of precautions taken to assure a constant concentration of 
testing solution over the long test period. 

The writer assumes that the weight losses and tensile data are average figures from 
the triplicate tests mentioned by the author and would like to ask what variation 
from this average was shown by the individual members of each trio of specimens. 

On page 161 it is stated, “At the same time these additions (silicon and manganese) 
increase its general resistance to corrosion.” Evidently both silicon and manganese 
contribute to the increased corrosion resistance of these alloys, and data on the effect 
of each of the elements in question in the absence of the other would be of mterest. 

It is unfortunate that the author did not include copper in his tests, as this metal 
would have served as a reference point which could be easilj" obtained and 
accurately reproduced. 

C. G. Fink, New York, N. Y. — These intermittent corrosion tests are of much 
more value than our standard salt-spray test, and it is true that one must take care of 
the change in concentration of the solution. Parallel tests should be made to get a 
direct check. 

Some years ago we had occasion to iijvestigate the copper-silicon-manganese alloys. 
We carried the silicon even further than shown in Fig. 10. We found a minimum loss 
around 18 or 20 per cent, silicon. The alloy developed^® into a commercial anode and 
has been in operation for 10 years. The solution contains sulfuric, nitric and hydro- 
chloric acids. The alloy is much less soluble than lead. 


O. B. J. Fraser, D. E. Ackerman and J. W. Sands: Op, cit. 

13 N. B. Pilling and D. E. Ackerman: Resistance of Iron-nickel-chromium Alloys 
to Corrosion by Acids. See page 248. 

1^ J. F. Thompson and R. J- McKay: Control of Motion and Aeration in Corrosion 
Tests. Ind. & Chem, (1923) 16, 114. 

IS C. G, Fink: U. S. Patents 1441567, 1441568. Jan. 9, 1923. 
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C. S. Smith, Waterburj", Conn. — I would like to inquire of Dr. Fink if the 20 per 
cent, copper-silicon alloys he mentioned contain an appreciable amount of iron or 
other elements likely to affect the corrosion. I have found that practically pure 
copper-silicon alloys containing more silicon than the eutectic (16 per cent, sihcon), 
disintegrate on exposure to the atmosphere for a period of about one year. 

C. G. Fink. — I hope they are stable. They have been in a solution 24 hr. a day 
for 10 years. Originally we started with pure silicon m making the alloy; now we use 
ferrosilicon because that is cheaper than silicon; accordingly, the anode contains iron. 

H. A. Bedworth — The effects of the factors mentioned by Mr. Ackerman have 
been definitely appreciated, and it has been reahzed that the control of these factors 
may play an important part in the reproducibility of results by corrosion tests. How- 
ever, the tests described in this paper were carried out with the object of determining 
the relative corrosion resistance of members of a series of alloys, subjecting them all 
to practically identical conditions. The type of test was chosen in the beginning as 
being as nearly as possible a duplication in the laboratory of what actually takes 
place in an important type of service; that is, alternate wetting and drying by acid 
solutions. In a test of comparative nature, such as the one described, the control of 
certain factors common to all specimens may be omitted without in any way impairing 
conclusions as to relative corrosion resistance. 

The comparison of these tests with those of the American Society for Testing 
Materials is entirely beside the point, as the implied analogy does not exist. The 
A. S. T. M. tests were cooperative in nature and were carried out with the object of 
duplicating results in various laboratories and also of standardizing corrosion testing 
procedure. With respect to duplication of results by this type of test in various lab- 
oratories, where climatic conditions might differ considerably, I quite agree that the 
control of certain factors such as temperature and humidity of the atmosphere sur- 
rounding the testing apparatus would be important. 

The method of maintaining concentration of solutions was not mentioned in the 
paper. The concentration of sulfuric acid was maintained by the addition of distilled 
water by means of an automatic syphon to replace water lost by evaporation. No 
additions were made to hydrochloric acid as tests in this acid were at room temper- 
ature and loss by evaporation was not significant. Referring to the text, the volume 
of 8 hters of solution to each 12 specimens was more than ample to avoid appreciable 
depletion of the solution by chemical reaction with metals. 

With regard to the variation among individual results from each trio of specimens, 
the loss in weight of any individual specimen was within 10 per cent, of the average 
of the three results, the variation in the great majority of cases being less than 5 per 
cent. The individual loss in tensile strength showed variation of less than 5 per cent, 
from the average of the trio, in the majority of cases being 1 or 2 per cent. 

It would be interesting, as Mr. Ackerman has said, to know the effects of sihcon 
and manganese separately. That is still another problem and more than was 
attempted in this particular investigation. Copper was omitted, not intentionally, 
but because interest was centered particularly in the alloys of higher silicon content, 
those above 2 per cent, silicon, on account of their improved physical properties. 
From a standpoint of completing the data, however, we regret that copper was not 
also included. 



Practical Application of Corrosion Tests: Resistance of 
Nickel and Monel Metal to Corrosion by Milk 

Br Robert J. McKat,* 0. B* J. Fraser,* and H. E. Seaelb,* New York, N< Y, 

(New York Meeting, February, 1929) 

The practical study of corrosion requires consideration of its economic 
aspects. It must be based on sound scientific principles, but it should be 
borne in mind that probably the most important object of a corrosion 
test is to determine what metal in corrosion-resisting construction will 
produce the greatest operating profit. Thus the corrosion test must be 
directly connected with money values or it is not a practical corrosion 
test. This, perhaps unusual, connection between corrosion and eco- 
nomics is partially due to the fact that corrosion deals only with the time 
factor or duration of equipment, and it is almost the only test which 
deals with this feature. 

In these statements a departure is made from the academic definition 
of the word corrosion and it is done deliberately. The use of the term 
corrosion is unusual. It is as though we spoke of a tensile test as a 
“breaking” test. We are not interested primarily in the break but in 
the strength of the metal. There is no English word which e.vpresses our 
main interest in corrosion-testing, but let us have clearly in mind that 
we make corrosion tests to prevent corrosion. ’Our real interest is in this 
corrosion-prevention, not in the corrosion. 

Previous to 1922, it was common comment that “it is impossible to 
determine the course of corrosion by laboratory testing. ” This statement 
was true at that time in that the technique of laboratory testing for 
corrosion resistance was so vague that tests in the laboratory gave untrue 
results almost as often as true ones. This was so, even in the simple 
case of determining which one of two metals better resists a given solu- 
tion. While this is no longer true the number of misleading “corrosion 
tests” stiU being ground out by laboratories is too large in the light of our 
present knowledge. There are two important features of corrosion 
testing whose neglect is a large contributing factor to misleading results: 
(1) The economic relations of the corrosion tests to other tests; (2) 
testing technique. 

Regarding economic relations J. F. Thompson^ has said: “The 
use of any particular metal is rarely based upon the sole property of 
resistance to corrosion. In fact, I should like to venture the assertion 

♦ Development and Researeh Department, International Nickel Co. 

^ J. F. Thompson: A Practical Aspect of the Corrosion Problem. Trans. Am. 
Electrochem. Soc. (1921) 39, 213. 
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that resistance to corrosion alone, although always a necessary factor, is 
quite frequently not the determining one of practical serviceability in 
any particular anticorrosion piece of construction, but some other 
property often entirely unrelated.’’ Dr. Thompson outlined some of 
the usual determining factors, other than corrosion. This paper illus- 
trates these factors for milk on nickel and monel metal and they are 
summarized in Part III. 

Quoting again, ^ ^^Corrodibility is not a specific property, capable of 
exact definition, but may depend upon the greatest variety of incidental 
conditions.” That is, corrosion or '^corrosion resistance” is not a 
property of a metal as is strength or melting point. Such properties are 
determinable by properly designed tests which are subject to standardiza- 
tion. Corrosion experiments from their very nature are more compli- 
cated and will never be standardized in the sense of adapting one test to 
all types of corrosion. 

This brings us to the other main feature, testing technique. 

In 1922 and the following years papers have been published which 
so clarify the ^'incidental conditions” on which corrosion depends that these 
conditions are no longer impossible to control in good corrosion-testing 
practice. This does not mean that we are at. or near the ultimate in the 
knowledge of the scientific facts which underly corrosion testing, or that 
there are no types of corrosion whose course cannot be predicted in the 
laboratory. This is far from true. But it is true now that the greater 
number of types of corrosion are susceptible of accurate reproduction in 
the laboratory and the principal scientific facts whose vagueness made 
the phenomena of corrosion enigmatical up to 1922 are so well understood 
at present that a relatively large proportion of economic corrosion is 
readily explainable. 

The principal factors on which this new ability to test is based, are: 

1. The completion of the electrochemical considerations connected 
with corrosion by knowledge of the effect of cells (concentration cells) 
caused by differences in the electrolyte®-'* as well as by differences 
in electrodes. 

2. The widespread effect of oxidizing agents, especially oxy- 
gen®-® of the air in solution, even in corrosion by strong acids 
and other electrolytes. 

2 J. F. Thompson : Op, cit 

« R. J. McKay: Corrosion by Electrolyte Concentration Cells. (Abst.) Tram. 
Am. Electrochem. Soc. (1922) 41, 201. 

* R. J. McKay: The Common Occurrence of Corrosion by Electrolyte Concen- 
tration Cells. Ind. cfc Eng. Chem. (1925) 17, 23. 

® J. F. Thompson and R. J. McICay: The Control of Motion and Aeration in 
Corrosion Tests. Ind, & Eng. Chem. (1923) 16, 1114. 

® O. B. J. Fraser, D. E. Ackerman and J. W. Sands: Controllable Variables in the 
Quantitative Study of the Submerged Corrosion of Metals. Ind, & Eng. Chem, 
(1927) 19, 332. 
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3. The varying types of formed during corrosion; their 

protective and accelerative effect. 

4. The controlling effect of motion® in the solution, by its effect in 
producing or effacing concentration cells, removing films, and suppl 3 dng 
oxygen and other corrodents to the corroding surface. 

The control of the above factors as well as those of older recognition, 
temperature and acidity, puts laboratory corrosion testing on a fairly 
somid basis. But the recognition of some of these factors is so new that 
it is still inadvisable to design on the basis of laboratory tests alone. 
Wherever possible, laboratory tests should be paralleled by service tests. 
The laboratory should be acquainted with the service conditions so it 
may judge the possibility of service variations in the important factors. 
The service tests should be made with full knowledge of the current 
laboratory results which illustrate the relative importance of the varying 
factors in the corrosive media and metals under study. The conclusions 
drawn from each will always be modified by results from the other and 
the results of both should be a close approximation to the truth. 

Obviously this is a slow and laborious method. The large number of 
tests described in the present paper illustrates this. But we are still 
unable to make accurate corrosion tests on a large scale. The only 
places where a series of tests made rapidly on a large range of alloys or 
corrosion conditions is of much value are such special ones as the deter- 
mination of the best of a range of possible alloys for one specific purpose. 
In the preparation of a general reference work on corrosion-resisting 
alloys the author has consulted many thousands of what might be called 
individual” results from wholesale” tests and from them no practical 
conclusions can be drawn. A true corrosion test must still be made by 
the laborious method illustrated herein. 

Corrosive Medium 

Milk is seldom selected by metallurgists as a corrosive medium, 
therefore its selection in this case may deserve comment. Next to 
natural water, milk is the liquid which is produced or handled in the 
greatest quantities in the United States. To illustrate this the following 
comparison is given with the best known and largest quantity chemical 
liquid, sulfuric acid. In 1925, the last year for which figures are avail- 
able, the production in the United States in terms of 50® B4. sulfuric 
acid and whole milk was: 

^ U. R. Evans: Corrosion of Metals, 2nd ed. London, 1926. Ed. Arnold & Co. 

« W. H. J. Vernon: Second Experimental Report to the Atmospheric Corrosion 
Research Com. (British Non-ferrous Metals Research Assn.). Trans, Paraday Soc. 
(1927) 23, 113. 

♦ Thompson and McKay: Op, cit. 

^ Fraser, Ackerman and Sands: Op, cU, 
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Tons 

Sulfuric acid 7,000,000 

Whole milk 58,000,000 

The production is eight times as great as that of its nearest rival. In 
addition there is no liquid whose handling requires greater refinement 
of apparatus. It is stated that the dairy industry represents the greatest 
money value of any single commodity industry. 

The chemical composition of milk is treated elsewhere. It is enough 
to point out here that it is an active chemical mixture of extreme interest 
from its corrosion reactions. In its .handling the use of nonmetallic 
materials as well as metals has been considered, and the use of metals 
can continue only if their properties fully justify it. 

Corroded Metals 

During the last few years the dairy industry has undergone wide 
engineering advances in the handling of the product. One of the studies 
which the engineers of the industry have had constantly before them 
has been the best material, metal or otherwise, for contact with the 
product. At the present time solid nickel tanks and tubing are the 
greatest rivals of the older and cheaper types of construction, although 
other alloys are under laboratory and field test and nonmetaUic materials 
have certain inherent advantages. Monel metal was considered for 
a time as the most logical metal for wide use, but, as a result of the 
corrosion tests and other considerations herein described, has been 
relegated to a few special uses. 

Only enough tests have been included to illustrate the method or 
plan used. Such boundary tests as those on other metals, brines, waters, 
and cleaners, jointing materials and electrol3rtic effect of various seam 
types, and many tests on taste and toxicity have been omitted for the 
sake of brevity. 


Part I. — ^Laboratory Studies 

By 0. B. J. Fraseb 

When it became evident that machinery and equipment for the 
dairy industries represented an important field of usefulness for pure 
nickel, and possibly for some of its alloys, a program of research was 
undertaken in order to determine if nickel was appreciably soluble in 
milk, and if dissolved nickel would have any undesirable effects upon 
it. The research was conducted for the most part at the Mellon Institute 
of Industrial Research, Pittsburgh, Pa., and more recently at the research 
laboratory of the International Nickel Co. at Bayonne, N. J. 

The basic raw material of the dairy industries is cow^s milk, which, 
like most materials of biological origin, is a heterogeneous mixture of 
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great complexity. It is subject to profound chemical alteration as the 
result of fermentative action induced by bacteria preexisting in it, or 
added to it in the manufacture of common buttermilk, acidophilus 
milk, the various types of cheese, etc. The induced alteration includes 
usually the conversion of lactose, or milk sugar, into lactic acid as the 
principal reaction. Other, and frequently undesirable, fermentative or 
oxidative changes may occur as the result of bacterial or enzymic action. 

At first thought it might appear that a study of the action of lactic 
acid solutions on metals and alloys would serve as a basis for compari- 
sons. The problem is by no means so simple, for some of the other 
components of milk either act upon metals or exert a marked inhibitory 
influence on the action of the lactic acid present. 

SxJiimRY 

It has been found experimentally, and confirmed by the work of 
others, that minute amounts of nickel are dissolved by sweet milk, sour 
milk or buttermilk. The amounts are much too small to be of any 
influence on the consumers of dairy products, and the quality of the 
products is not affected injuriously. Monel metal is somewhat less 
soluble than nickel. The experimental results indicate a possible 
maximum absorption in commercial pasteurization and storage of 
sweet milk in nickel equipment of 12 p.p.m. This is a small amount 
and considerably greater than actually has been found either in sweet 
milk or in buttermilk which has been processed almost entirely in 
nickel apparatus. 

Agitation increases the solubility of nickel in milk at storage and at 
pasteurizing temperatures, where the acidity is practically constant, but 
has no appreciable effect at room temperature, where the acidity increase 
during tests. 

The solubility of nickel is much greater with increased aeration in 
buttermilk at low temperatures, and in sweet milk and buttermilk at 
elevated temperatures, but it is less in sweet milk at low temperature. 

Temperature has little influence on the solubility of nickel in sweet 
milk within the storage and room temperature rang^, but at higher 
temperatures, and especially with aeration, the solubility is much greater. 
Nickel dissolves more rapidly at higher temperatures in aerated butter- 
milk, but there is practically no increase without aeration. 

Acidity affects the solubiflty of nickel in a variable manner dependent 
upon aeration and temperature. With insufficient aeration the solubility 
is lower in milk of higher acid concentrations, but the reverse is true with 
increased air supply. In the latter case the influence of acidity is rela- 
tively greater at low than at high temperatures. 

Dark fllmR form sometimes on the surfaces of nickel and mond metal 
in milk. These are composed largely of milk proteins, the color being 
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due to a small content of metal sulfide. The amount of tarnish varies 
with the rate of metal solution; with the lower rates dark colored films 
are not formed. The films are not completely protective, and they can 
be removed readily by abrasive cleaners. 

At lower temperatures the solubility of both materials is greater 
in winter than in summer milk, but there is no seasonal difference at the 
pasteurizing temperature. 

The solubility of both materials in pure lactic acid solutions is much 
greater than in milk of equivalent acidity, under the same conditions. 
The solubility of nickel in lactic acid solutions is lowered slightly by 
additions of casein and very greatly by milk albumen. That of monel 
metal is lowered greatly by these two milk proteins and by butterfat. 
The effects of albumen and butterfat are additive. Lactose also decreases 
the solubility of both materials slightly. 

Egg albumen and gelatin solutions, with no added acid, dissolve 
nickel and monel metal to an appreciable extent, and at the same time 
produce upon them black and brown tarnishes, respectively. Solubilities 
of both materials in solutions of lactose, blood albumen or casein are very 
low, about the same as in distilled water. 

Influence of Metals on Quality op Dairy Products 

As a necessary part of the corrosion problem involved in the 
action of any food substance on the materials of the equipment in which 
it may be processed or stored, consideration must be given to the influence 
of absorbed metals on the quality of the product, and also to possible 
effects on the ultimate consumers of the product. 

There were several articles dealing with certain of the aspects of 
interactions between milk and metals in the literature at the time experi- 
mental work was begun, but none of them contained quantitative informa- 
tion on the rate of solution of metals in milk. These and later articles, 
some of which did contain solubility data, are listed in the bibliography at 
the end of Part I. 

Several of the articles listed contain definite evidence that even very 
small amounts of dissolved metals may exert great influence upon the 
keeping quality of dairy products. Iron and copper catalyze certain 
oxidative changes which result in the development of off-flavor or spoilage 
in milk or in products made from it. Because of this possibility monel 
metal, as it is a nickel-copper alloy, is considered to be less desirable than 
nickel for dairy equipment despite the fact that nickel is somewhat the 
more soluble in milk. 

Several authors,^®‘^^»^^‘^^^^^ have stated that nickel has no influence 
upon the flavor or keeping qualities of milk or milk products, though one 


“ Numbers in parenthesis refer to bibliography at end of Part I. 
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of did report from laboratory tests the detection of a very slight 

change in flavor of milk in contact with nickel. However, his experience 
with nickel apparatus on a commercial scale did not check the laboratory 
results. No changes in quality were observable in the commercially 
processed products. 

Neither nickel nor monel metal affected the flavor of milk injuriously 
in tests conducted by the author and various associates. These tests 
were carried out in the laboratory by submerging pieces of metal for 
periods of 18 to 20 hr. in unpasteuri 2 ;ed, sweet milk contained in stoppered 
bottles. Tests were made at 5° C. and at room temperature. There 
were scarcely any increases in acidity during the tests at 5 "^ C., but at 
room temperature final concentrations as high as 0.5 per cent, were 
recorded. Similar results were obtained by Searle^*®^ in tests conducted 
in milk freshly drawn from the cow into a sterile glass container, and also 
in partially evaporated milk and in remade milk from milk powders. 

A peculiar case in which brief contact with monel metal seemed to 
accelerate a preexisting tendency toward development of an oily flavor in 
milk is discussed in the second part of this paper. 

Influence of Metals on the Human Organism 

The influence of metals on the human or animal organism depends 
not only on the quantity of metal taken in, but also on the manner in 
which it enters the body and particularly on the chemical nature of the 
metal-containing substances. Simple salts of the heavy metals in 
quantity may be corrosive to the walls of the gastro-intestinal tract, but 
minute amounts of metals ingested in foods do not enter the body in 
such corrosive combinations. Instead they form practically insoluble 
compounds with protein constituents of the food materials, and for 
the most part are excreted rapidly. 

Nickel is an element which is distributed very widely in soils and 
plants^^^*^^^ and it is ingested normally in food products throughout the 
world. Its physiological and metabolic significance have been studied by 
several investigators^®^^^^, who have concluded that it exerts no harmful 
effects. Offerdahl^^^ consumed 500 mg. of powdered nickel in his food 
daily for one month with no noticeable effects- Otherinvestigators^®^*^^*^®^ 
observed over periods of time extending into years the phyrical behavior 
of groups of people living upon food cooked only in nickel utensils. 
There were no noticeable disturbances of body functions. 

As is noted in Part II of this paper, market milk pasteurized in a 
plant in which almost every piece of equipment and all the service piping 
were of nickel, absorbed only 1,3 p.p.m. of nickel. Buttermilk, which 
had been processed in a nickel vat, contained 1.4 p.p.m. of nickel. The 
highest figure for nickel absorption noted in commercial practice has been 
15.7 p.p.m., in acidophilus milk, which is a product containing as high 
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as 1.2 per cent, lactic acid. It is interesting to note that calculations^^e) 
from the laboratory experiments described in this paper indicated that 
there might possibly be a maximum of 12 p.p.m. of nickel, or 5.5 p.p.m. 
of monel metal dissolved in sweet milk during pasteurization and storage 
in nickel equipment. Other investigators^^®*^®^ have estimated, also 
from laboratory test data, that during the pasteurization period only, the 
amount of metal which might be absorbed from nickel apparatus would 
be of the order of 0.29 to 1.23 p.p.m. These figures represent very small 
and unimportant quantities of metal from the health standpoint, as may 
be judged from the facts that the legal limit for copper in foods in this 
country is 30 p.p.m., and that there is no legal limit at all for nickel. 
The maximum figure quoted for nickel in a dairy product, namely 15.7 
p.p.m. in acidophilus milk, corresponds to 61 mg. per gallon of milk. 

Laboratory Corrosion Testing Procedure 

Pasteurizing vats appeared to be the most important machines for 
consideration at the time experimental work was begun, so the laboratory 
procedure was designed to simulate the conditions of service of 
such equipment. 

In vat pasteurization, which is a batch process, sweet milk is 
heated usually to 61° to 63° C. (142° to 145° F.), and held at that tem- 
perature for 30 min., after which it is cooled to 4.5° to 7° C. (40° to 45° F.), 
and either held in the pasteurizer or passed along to a larger storage 
tank. Fermented or ^^ripened^' milk products, such as buttermilk, 
butter starter, etc., are also made in pasteurizing vats. 

During the pasteurizing and cooling periods the milk is kept in 
constant, but not violent, motion by a helical coil revolving at low 
speed. Hot or cold water may be passed through the coil at will. The 
vats are covered during the processing period, and the air space above the 
milk is usually small, so that a condition of limited aeration exists, with 
a gentle movement of the milk past the metal surfaces. 

Tests were run at about 10° C. (50° F.), at room temperature, and 
at 63° C. (145° F.). There was free development of lactic acid in the 
tests at room temperature, which were run for periods of 17 or 18 hr., so 
that they were roughly representative of the ripening process employed 
in buttermilk manufacture. Tests at 10° C. or lower, which were run 
in a cold room in which the temperature varied between 3° and 10° C., 
were representative of the conditions maintained during the storage of 
sweet milk. Those at 63° C., in which the bottles containing the milk 
were immersed in a thermostatically controlled water bath, were con- 
sidered to be representative of pasteurizing conditions, though they 
were run for 4 hr. in the same bath of milk, whereas the usual pasteurizing 
time is only 30 min. at full temperature plus the time consumed in 
heating the milk from, and cooling it to the holding temperature. Quam, 
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Soloman and have suggested that it would be better in labora- 

tory corrosion testing to make repeated exposures of 30 min. each in fresh 
samples of milk, rather than to use a single sample for a long period of 
time. In support of this opinion they cite the work of Whittier and 
Benton who found that milk undergoes, chemical alteration when held 
at 95° C. to boiling temperature for periods up to 14 or 16 hr. The 
principal change is in hydrogen-ion concentration, which increases con- 
tinuously until the casein begins to precipitate, at which time there is a 
sharp decrease. 

The milk was not aerated in any of the tests, and the temperature was 
not controlled closely in tests at room or lower temperature. The failure 
to control the temperature closely in the lower temperature tests, and the 
aeration in all tests might be open to criticism were it not that service 
conditions were thereby more closely approximated, and that the nature 
of the action of milk on metals makes it unnecessary to exercise such 
close control as is generally desirable in corrosion studies. The results 
obtained served their purpose very well, though, as is shown in Part II, 
they did not permit accurate prediction of the probable behavior of the 
metals in all types of dairy apparatus. 

Solubilities of Nickel and Monel Metal 

The method of weight-loss determinations was employed because, 
at the time, no satisfactory analytical methods were available for the 
determination of small amounts of nickel in biological materials. 

All of the eal’lier work is summarized in Tables 1 and 2. The test 
pieces used were of sheet metal, 0.079 by 2.5 by 6 cm., having a total 
surface area of approximately 0.3 sq. dm. These were cleaned before 
each test by rubbing with No, 0 metallographic emery paper, followed 
by washing with water and rinsing with alcohol-ether mixture. After 
each test the pieces were again washed, rinsed in alcohol-ether mixture, 
and dried before weighing. The milk was obtained in the unpasteurized 
condition from a large Pittsburgh dairy, A volume of 500 c.c. was used 
for each test piece, this volume bearing the same relation to the area of 
a test piece as the volume of milk in a 700-gal., horizontal, coil type 
pasteurizing vat bears to the submerged metal surface therein. 

Each test piece was totally submerged in a separate bath contained 
in a 1000-c.c. tall form, wide-mouthed bottle. The test piece was 
suspended from a wire across the mouth of the bottle, and the milk 
was kept in constant motion by a glass stirrer, operated by a motor- 
driven, multiple-spindle stirring apparatus. The moderate agitation 
thus obtained was reasonably similar in form to that occurring in a 
pasteurizing vat, and the aeration was limited because of the large 
volume and depth of the still air in the bottle above the milk. 
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As a matter of convenience in discussion, temperatures will be referred 
to three ranges. ^'Storage temperature” will imply temperatures 
between 2° and 11° C. (36° and 52° F.); '^room temperature” between 
18° and 28° C. (64° and 82° F.), and ' 'pasteurizing temperature” 
between 60° and 65° C. (140° and 149° F.). Reference to the various 
tables will serve to disclose the actual values in each case. The letters 
'^mdd.” will be used throughout the discussion of corrosion rates as an 
abbreviation of “mg. per sq. dm. per day”. 

The data of Table 1 show very large variations among corrosion 
rate determinations obtained under similar conditions. The reason lies 

Table 1. — Weight4oss Tests in Unpasteurized,^ Pittsburgh Milk, with No 

Artificial Aeration 

Volume of milk in each test, 500 c.c. Test piece area, 0.3 sq. dm. 

Time of tests, 4 hr. at 63° C.; 17 to 1$ hr. for most tests at other temperatures, with 
a few at 12 to 23 hours. 


Temperature 

Acid, as Lactic, 
Per Cent. 

1 Nickel 

Monel Metal 

Num- 
ber of 
Tests ' 

Loss, Mg. per Dm * 
per Day 

Num- 
ber of 
Tests 

Loss, Mg per Dm.* 
per Day 

Deg. C. 

Deg. F. 

Initial 

Final 

Maxi- 

mum 

Mini- 

mum 

Aver- 

age 

Maxi- 

mum 

Mini- 

mum 

Aver- 

age 

Summer Milk, Quiet Tests 

23 to 27 

73 to 81 

0.169 

0.836 

18 

11.8 

2.29 

6.60 

26 

11.48 

+ 1.62 

2.37 


Summer Milk, Agitated Tests 


3 to 11 

37 to 62 

0.172 

0.230 

7 

6.9 

0.89 

2.96 

9 

2.1 

0.0 

1.01 

23 to 27 

73 to 81 

0.147* 

0.638* 

20 

26.7 

1.30 

8.70 

6 

6.79 

0.46 

2.24 

63 

145 

0.138» 


9 

413.0 

202.0 

287.0 

5 

206.0 

179.0 

194 0 


Winter Milk, Quiet Tests 


23 to 27 


73 to 81 







1« 




2.18 


Winter Milk, Agitated Tests 


3 to 11 

37 to 62 

0.134 

0.137 

7 

61.3 

0.0 

17.0 

6 

13.5 

8.32 

10.4 

23 to 27 

73 to 81 

0.139< 

0.492* 

24 

37.0 

2.12 

12.44 

20 

30.7 

2.69 

16.22 

63 

146 

0.132* 


6 

334.0 

162.0 

267.0 

6 

248.0 

143.0 

190.0 


1 Pasteurized milk used for 6 nickel and 14 mond determinations in summer milk, quiet tests. 

> Acidity not determined for 3 nickel and 3 monel tests. 

> Acidity determined only at start of tests. 

4 Acidity not determined for 2 nickel and 1 monel test. 

> Acidity not determined for 1 nickel test. 

• Acidity not determined. 

+ indicates a gain in weight. 
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Table 2. — Lactic Add Dderminations to Accompany Table 1 

! Additjr, Per Cent. 


Nature of Tests 


j Maximum 

1 

Minimum 

Average 

Quiet, summer, 23 to 27® C., initial: 

> 

! 



Pasteurized 

0.187 

1 0.108 

0.136 

Raw 

0.196 

0.159 

0.178 

All 



0.159 

Quiet, summer, 23 to 27° C., final: 




Pasteurized 

0.866 

0.620 

0.780 

Raw 

0.970 

0.832 

0.881 

All 


1 

0.836 

Agitated, summer, 3 to 11° C., initial 

0.200 

0.155 

0.172 

Final 

0.250 

0.200 

0.230 

Agitated, summer, 23 to 27° C., initial 

0.195 

0.125 

0.147 

Final 

0.809 

0.425 

0.638 

Agitated, summer, 63° C., initial 

0.145 

0.130 

0.138 

Agitated, winter, 3 to 11° C., initial 

0.146 

0.115 

0.134 

Final 

0.174 

0.115 

0.137 

Agitated, winter, 23 to 27° C., initial 

0.153 

0.120 

0.139 

Final 

0.690 

0.170 

0.492 

Agitated, winter, 63° C., initial 

0.150 

0.120 

0.132 


Table 3. — Weighf^loss Tests on Nickel and Monel Metal in Summer MUk 
at 20 to 26® C. (68® to 79® F,) 

[Test Pieces Were Not Resurfaced between Successive Tests] 


Test 

Acid, as Lactic, 

Per Gent. 

j Loss, Mg. per Dm.* Day 

Nickel 

Monel 

Initial 

Final 

Piece A 

Piece B 

Average 

Piece A 

Piece B 

Average 

1 

0.125 

0.665 

1.9 

1.4 

1.65 

0.00 

0.33 

0.17 

2 

0.135 

0.694 

3.4 

2.1 

2.75 

0.32 

0.65 

0.49 

3 

0.130 

0.708 

3.1 

2.1 

2.6 

0.95 

0.9S 

0.97 

4 

0.130 

0.705 

2.2 

1.7 

1.95 

0.32 

0,65 

0.49 

5 

0.130 

0.685 

3.4 

2.1 

2.75 

0.32 

0.00 

0.16 

6 

0.150 

0.605 

3.3 

3.7 

3.5 

0.42 

0.87 

0.65 

7 

0.120 

0.570 

4.1 

2.3 

3.2 

1.7 

3.1 

2.4 

8 

0.125 

0.523 

3.7 

7.4 

5.55 

5.1 

3.9 

4.5 

9 

0.125 

0.637 

2.8 

4.6 

3.7 

1.7 

1.3 

1.5 

Average 



3.1 


Ha 

1.20 

1.31 

1.26 


Volume of baths, 500 c.c. 

Test piece area, 0.3 sq. dm. 
Duration of each test, 18 hours. 
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more in the variability of the milk and the irregular nature of surface 
films formed by milk constituents and solid products of corrosion than 
in the lack of precise control of temperature. Aeration probably was not 
uniform, though close control of this variable was not desirable, since 
the test procedure was planned to simulate practical conditions. Tem- 
perature differences within the ranges for storage and for room tempera- 
ture tests probably had some influence, but, as is shown in the discussion 
of Tables 7 and 8, the effects of temperature in such limited ranges are 
overshadowed by other influences. In tests at the pasteurizing tem- 
perature, the temperature was controlled closely. It must be remem- 
bered also that with the low corrosion rates which were by far the more 
numerous in this work, the influence of experimental errors was large 
in view of the fact that the weight changes involved were frequently 
only a few tenths of a milligram in a total weight of about 10 g. Under 
the conditions of test a difference in weight of 0.1 mg. represented a 
difference in corrosion rate of 0.44 mdd. 

Influence of Agitation 

The influence of agitation on the solubility of nickel was great at 
storage and pasteurizing temperatures, but unimportant at room tem- 
perature. This is apparent from Tables 1 and 4. In unaerated summer 
sweet milk at 2° to 4® C. (Table 4), the solubility of moving test pieces 
was 13 times that of still pieces. At pasteurizing temperature the 
solubility of moving pieces was 16 times that of still pieces. Similar 
results were obtained in buttermilk. At room temperature (Table 1), 
stirring of the ripening milk had no appreciable effect on the solubility 
of either nickel or monel metal. 

Agitation of the types employed in these tests probably represented 
closely enough that occurring in a pasteurizing or storage vat, but the 
very large acceleration due to the extremely rapid movement of milk 
over a surface cooler, imder conditions suitable for maximum aeration 
could not have been predicted from the results obtained. The field 
tests described in Part II were essential for a proper understanding of 
the corrosion problem involved in surface coolers. 

Influence of Aeration 

The influence of aeration on the solubility of nickel in milk is very 
great. It is shown markedly in the figures of Table 4, and also in field 
tests discussed in Part II. Corresponding data for monel metal were 
not sought. 

The data of Table 4 were obtained in tests run at Bayonne, N. J. 
Test pieces were 0.079 by 3 by 5 cm., and they were prepared and handled 
in exactly the same manner as has already been described for the Pitts- 
burgh tests. The volumes of milk used were 2000 c.c. for unaerated, 
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4000 c.c. for aerated and 4500 c.c. for air-free and nitrogen-saturated 
tests. .Using two pieces, of the dimensions given above, in each bath, a 
total metal surface of approximately 0.6 sq. dm., the volumes of milk 
per sq. dm. of metal surface were 3300 c.c., 6600 c.c. and 7500 c.c., 
respectively, as against 1667 c.c. per sq. dm. in the Pittsburgh tests. 
Unaerated and aerated tests were run in a circular-path apparatus, and 
air-free and nitrogen-saturated tests in a , rotating-spindle apparatus, 
both of which have been described by Fraser, Ackerman and Sands. 

In the unaerated tests the surface of the milk was exposed freely to 
the atmosphere. In the aerated tests air was bubbled into the milk at 
the bottom of the containers (battery jars) through open glass tubes. 
In the air-free tests the closed vessel in which they were run was filled 
completely with milk. A similar condition was maintained in the 
nitrogen-saturated tests. 

In sweet milk at 2° to 4° C., the solubility was 8.5 times as great 
without as with aeration, but a small gain in weight was found in a single 
test in air-free milk. At 63° C., however, aeration increased the solu- 
bility 4 times. 

Aeration increased the solubility at both temperatures in butter- 
milk, 5 times at 2° to 4° C., and 10 times at 63° C. In nitrogen-saturated 
and air-free buttermilk the solubility at 2° to 4° C. was only a little more 
than 2 per cent, of that in the unaerated buttermilk. At 20° C. a single 
test in each case indicated that the solubility was greater in nitrogen- 
saturated than in unaerated buttermilk. 

The larger corrosion rates in aerated milk, especially in buttermilk, 
were accompanied by visible etching of the metal surface. 

The influence of aeration is indicated also by the greater solubility 
in both sweet milk and buttermilk, and at both low and high tem- 
peratures, of test pieces which were submerged only partially in unagi- 
tated baths. The partially submerged pieces had solution rates from 
7 to 17 times those of totally submerged pieces. There was, however, no 
visible waterline” corrosion, simply a narrow band of darker brown 
than the general tarnish on each test piece. 

In all of these tests the tarnish was most apparent at the pasteurizing 
temperature, and particularly in aerated milk. The maximum effect 
was obtained in aerated buttermilk. 

Influence of Temperature 

Temperature over a wide range has a very great effect, as may be 
seen on comparing, in Table 1, the rates at 3° to 7° C. with those at 
63° G., for nickel and monel metal in agitated tests. (The data of 
Table 1, for winter milk, are plotted in Fig. 1.) The rates for nickel 
in winter milk were 17.0, 12.44 and 267.0 mdd. at storage, room and 
pasteurizing temperatures, respectively. The corresponding rates for 
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monel metal were 10.4, 16.22 and 190.0 mdd., respectively. The 
reversal of the relative positions of the two materials at room temperature 
is due possibly to some specific effect upon the mechanism of corrosion 
which comes into play as the acidity increases. The increase in acidity 
during the test period was much less in winter than in summer milk. 
The same influence of temperature in increasing the rates of solution is 
shown for summer sweet milk in the data of Table 4, for tests run with 
nickel at Bayonne. In sweet milk the corrosion rate in unaerated tests 
with moving test pieces was 56 mdd. at 2® to 4° C. while it was 98 mdd. 
^at 64° C. In buttermilk the rate was 47 mdd. at 2° to 4° C., while it 



Fig. 1, — Influence op temperature on rate op solution op nickel and monel 

METAL IN AGITATED, WINTER MILK. 


was only 51 mdd. at 64° C. With aeration, buttermilk came into line, 
the rates being 250 mdd. at 2° to 4° C. and 502 mdd. at 64° C. Monel 
metal was not included in the Bayonne tests. 


Influence of Acid Concentration 

The influence of acidity (see Table 4) depended very much on con- 
ditions of aeration and temperature. In aerated tests the solubility 
of nickel was greater in high-acid buttermilk than in low-acid sweet 
milk by 38 times at 2° to 4° C., but by only 1.3 times at 64° G. In 
unaerated tests the solubility was greater in the low-acid sweet milk. 
The ratios of buttermilk as to sweet milk solution rates were 0.8 at 
2° to 4° C., and 0.5 at 64° C. 

At the pasteurizing temperature the buttermilk tests were actually 
tests in whey only, for the proteins coagulated at once and settled to 
the bottom of the vessel. The whey was considerably lower in acid 
concentration than the original buttermilk, indicating a large fixation 
of acid by the coagulated protein. The original buttermilk had acidities 
of 0.896 to 0.932 per cent., but those of the whey were only 0.630 to 
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Table 5. — Weighlhloss Tests on Nickel in Unagitated Sweet Wirder Milk, 
with No Movement of Test Pieces 


[Temperature 60® C. (140® ¥.); Volume of Baths, 350 c.c.] 


Duration, Hr. 

No. 

1 of Tests 

Acid, as Lactic, Per Cent. 

Area, 

Sq. Dm. 

Loss, Mg. 
per 

per Dm.* 
Day 

Initial ^ 

Pinal 

Total 

Per Day 

20 

2 

0.168 to 0.180 

0.236 to 0.384 

1.0 

11.5 

13.8 

20 

2 

0.17to0.19 

0.36to0.40 

0.5 

7.35 

8.82 

Average 





9.43 

11.31 

7 

' 1 

0.180 

0.222 

1.0 

8.2 

28.0 

5 

1 

0.168 

1 

0.212 

1 

1.0 

12.6 

60.5 


Table 6. — Weight Loss Tests on Nickel and Monel Metal in Sweet 
Milk, Sour Milk and Pure Lactic Acid Solutions^^ 


i 

Solution 

Acid, as Lac- 
tic, Per Cent. 

Loss, Mg. per Dm.* per Day 

Nickel 

Monel Metal 

18® C. 

(64® P.) 

65® C. 
(149® F.) 

18® C 
(64® F.) 

65® C. 
(149® P.) 

Sweet milk 

0.2 


7.5 


5.0 

Sour milk 

0.26 

0.95 

9.5 

0.45 

6.5 

Lactic acid 

0.2 

2.1 

41.5 

1.25 1 

36.0 


0.674 per cent. The observations of Whittier and Benton^^> on the sharp 
drop in hydrogen-ion concentration with the coagulation of the proteins 
in heated milk may be referred to again. One test of Table 4 was run 
in whey which had been separated completely from the coagulated curd 
and cooled to room temperature. 

In some quiet, unaerated tests at room temperature the solubility 
of nickel was 10.3 mdd. in sweet milk against only 6.97 mdd. in the same 
milk to which pure lactic acid had been added to a total acidity of 
1.0 per cent. These results are not included in Table 4. 

The influences of acidity is shown also in Table 6, the data for which 
were taken from curves given by Donauer^^^ Nickel and monel metal 
showed slightly greater solubility at 65° C. in milk of 0.26 per cent, acid 
than in milk of 0.20 per cent. acid. The difference in acidity was not 
great. The solution rates of both metals were much greater in 0.20 
per cent, lactic acid solutions at both 18° and 65° C., than in milk of 
equivalent acidity. 

From graphs of Donauer: Ice Cream Review (1923) 5, No. 6. 78-84. 
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Influence of Corrosion Products 

Nickel and monel . metal sometimes acquired a brown tarnish in 
milk, especially in buttermilk. The amount of tarnish, as measured by 
the depth of coloration, increased with the weight loss but, like the 
weight-loss figures, it was extremely variable. The tarnish was not 
usual at storage temperatures, but it did occur on occasions. Its nature 
was not determined precisely, but it was possible to get some rough 
analyses. The color was due apparently to a small content of nickel 
sulfide. The source of the sulfur was the protein portion of the milk, a 
small amount of which must have suffered partial splitting up in such 
manner that some of its constituent sulfur was in suitable combination 
for reaction with nickel as it dissolved. The action must have taken 
place rapidly, for nickel ions, like those of other heavy metals, react 
readily with proteins to form insoluble complexes. The remainder of 
the tarnish film undoubtedly was precipitated protein substance. In 
fact, in some of the tests in winter milk suflScient protein was precipitated 
on the metal to give a distinct, thin, smooth, white film on nickel, monel 
metal and some other metals and alloys. In view of the currently 
accepted theories of corrosion processes it is interesting to note that 
Robertson^^^ found that, under the influence of a very small current, 
uncombined casein was deposited at the anode from a solution of potas- 
sium caseinate. It was found also, in the laboratory of the International 
Nickel Co., that the brown tarnish which would be formed normally 
under the test conditions employed could be prevented entirely by 
imposing upon nickel, as cathode, a current of small density, 0.0043 
amp. per sq. dm. As anode, however, nickel lost in weight and was 
tarnished to a degree corresponding to the weight lost. It is inferred 
that some of the protein substance in milk migrates to the anodic spots 
on the metal surface and is there precipitated to form an even film 
which, in the case of nickel or alloys high in nickel, is colored some- 
times by nickel sulfide. The reactions of the proteins by which sulfur 
is rendered available in proper form for the precipitation of nickel 
sulfide within the film possibly may be induced or accelerated by 
electrochemical oxidation. 

That the films formed are permeable, though possibly somewhat 
protective, is demonstrated by the data of Table 3. Two pieces of 
nickel and two of monel metal were exposed at room temperature for 20 
hr. on each of nine successive days, in summer milk fresh each day, under 
the same conditions as were imposed in the tests of Table 1, except that 
the tarnish film was not disturbed between tests. The pieces were 
simply rinsed in water, then in alcohol-ether mixture, then dried and 
weighed. The corrosion rates throughout were of the same order of 
magnitude as the corresponding rates in Table 1. The tarnish on nickel 
became increasingly darker with each succeeding immersion up to the 
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fifth, then it became sKghtly lighter in color. The tarnish on monel 
metal became increasingly darker up to the completion of the test. 

These are not positive indications that the films may not become 
completely protective, for in this case they were dried out thoroughly 
between tests and given every opportunity to develop minute discon- 
tinuities at which fresh corrosion might begin. A little evidence in the 
other direction is afforded by the data of Table 5. These were quiet 
tests, with nickel only, conducted at 60® C. in sweet, winter milk. Tests 
run for 5, 7 and 20 hr. gave corrosion rates of 60.5, 28.0 and 11.31 mdd., 
respectively, but the total weights lost were 12.6, 8.2 and 9.43 mg. per 
sq. dm., respectively. The actual amounts of metal removed during each 
whole test period differed only slightly, which suggests that the tarnish 
film which had formed became protective so long as it was not altered by 
intermediate drying. 

In a few of the tests summarized in Table 1 there were, as noted 
therein, actually slight gains in weight, which also suggests formation 
of a coherent film. It was deemed impracticable to remove the tarnish 
films at the time, and average values were arrived at by adding the weight 
changes algebraically and dividing by the total number of determinations 

Nature op Milk 

It is recognized generally that there are seasonal variations in the 
chemical composition of milk, and probably there are variations also in 
the nature of contained bacteria and enzymes. The data of Tables 1 
and 2 bring out striking seasonal differences in rates of metal solution 
and of lactic fermentation. 

The solubility of both nickel and monel metal at storage and room 
temperatures was greater in winter than in summer milk, but the seasonal 
difference was not apparent at the pasteurizing temperature. A differ- 
ence may also be noted in the rate of lactic fermentation. Both at 
storage and at room temperatures the amount of acid formed in the period 
of test was much less in winter milk than in summer milk. It must be 
noted, however, that the amount formed at room temperature was excep- 
tionally low in a few of the tests in winter milk, largely because of unusu- 
ally low temperatures during the night hours of the test periods. Also, 
from Table 2, it appears that previously pasteurized summer milk has a 
lower initial acidity and ripens a little more slowly at room temperature 
than unpasteurized milk. At all seasons of the year there are distinctly 
appreciable variations from day to day in the acidity of milk, and in 
the rate of lactic fermentation. 

It is hardly profitable for metallurgists to speculate upon the probable 
reasons for seasonal variations in milk, or upon their nature. Biological 
chemists are not in agreement among themselves. The composition of 
milk is truly formidable. Wiley<^> has stated that milk contains water, 
proteins, fat, carbohydrates, organic and inorganic acids and mineral 
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salts. It may also contain minute amounts of ammonia, and many 
organic compounds other than those mentioned. Seligman^^s) has quoted 
from a European authority a list of mineral salts occurring in milk, which 
comprises chlorides of sodium and potassium; phosphates of potassium, 
calcium and magnesium; citrates of potassium, calcium and magnesium; 
and lime combined with casein, in amounts ranging from 0.336 g. per 1. 
dimagnesium phosphate to 2.133 g. perl, calcium citrate. 

Roles op Varioits Milk Constituents 
To learn something of the mechanism of the corrosion of metals in 
milk a number of tests were made, using methods similar to those 



Fig. 2. — ^Influence op milk constitxjbnts our bate op solution op nickel in 

LAcnc ACID solutions. 

1, Acid only, at 6 to 11® C.; 2, acid plus cream at 6 to 11® C.; 3, acid plus butter at 
6 to 11® C.; 4, acid plus butter and milk albumen at 6 to 11® C.; 6, acid only, at 18 to 
28® C.; 6, acid plus cream at 18 to 28® C.; 7, acid plus butter at 18 to 28® C.; 8, acid 
plus casein at 18 to 28® G.; 9, acid plus milk albumen at 18 to 28® C.; 10, acid only, at 
63® C. 

described for the tests of Table 1, in aqueous solutions or emulsions of 
some of the organic constituents of milk and of some other substances of 
simil a r nature. The tests were conducted in the same manner as for 
the milk tests of Table 1. The sole differences were in bath compel- 
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tions. The results are contained in Tables 7, 8 and 9, and the curves of 
Figs. 2 and 3 were constructed from them. The hydrogen-ion curves 
were drawn from data contained in Van Nostrand^s Chemical Annual. 
Unfortunately hydrogen-ion determinations were not made, either on 
these solutions or on any of the milk samples. 

The fundamental solutions for Tables 7 and 8 were of pure lactic 
acid, containing from 0.1 to 1.0 per cent, thereof. In various tests there 



Fig. 3. — ^Inpluence op mile constituents on bate op solution op monel metal 
IN lactic acid solutions. 

1, Acid only, at 3 to 11° C.; 2, acid plus butter at 3 to 11° C.; 3, acid plus butter 
and milk albumen at 3 to 11° C.; 4, acid only, at 18 to 28° C.; 5, acid plus cream at 
18 to 28° C.; 8, acid plus butter at 18 to 28° C.; 7, acid plus casein at 18 to 28° C.; 
8, acid plus milk albumen at 18 to 28° C.: 9, acid plus butter, casein and Tviilif 
albumen at 18 to 28° C.; 10, acid only, at 63^ C. 

were added to solutions of these acid concentrations one or more other 
milk constituents, in the proportions in which they usually occur in milk. 
The m il k constituents used were butterfat, casein, milk albumen and 
milk sugar (lactose). In other tests soap, cottonseed oil, mineral oil or 
e^ albumen were added to acid solutions. With butter and the oils 
there were added, as emulsifying agents, either saponin or saponin and 
gum acacia. Only a few tests were run at the pasteurizing temperature, 
and these were in pure lactic acid solutions only. 




TABiiE 7, — WeighlAosa Tests on Nickel in Aqueous Solutions of Lactic Acid, with and without 

Other Constituents of Milk 


EOBEET J. McElAT, O. B. J. FEASEE AND H. B. SBAELB 


195 


. 1 

d 

aa| 

o^BiaAv 

o 

Q-o 

.-R® 

ss| 

mninmij^ 

o 

A®* 

uinran:«j^ ' 

rH 

s^aax JO jaqranj^ j 

1 

2 

*3 

< 


QSvJSAy 

1 

o 

t4 

A a 

S*4 

mnmmiyi 

£ 

to 

*31 

mnmjxvyi 

d 

8^83 J, JO jeqranit^ 



t3 

-? 

i 

o 

S 

fin 

ii >> 

S «* 

dSvjBAy 

I^A 

mnmiuTjiii 

sa 

mnmuvy^ 

d 

s^sax JO laqranj^ 

•d 

*3 


QShsjdAy 

•ta 

§ 

o 

n 

Tzmmnzi]^ 

s 

»o 

Jl 

mnnirn 

C9 

o 

ffj89X JO Jeqmni^ 

•J 

l’a&. 

qo 

S ffl ^ 

gga 

e9«j9Ay 

Per Cen 
Aoid 

nminniip{ 

TQiinipra}^ 

d 


Conoen- 

tration 

Per 

Centi by 
Weight 


d 

0 

1 



a 

m 



oooh. 

CiJNW 




cm cool 


i-rQO«00 

a 0 t»lOr -4 

T-te 4 r -4 


h-OQOO 


aoaar>i 

oow 

cmeOTH 


no to CO CO 

o^aooci 


OrUlO 

MNCO 

womr-i 


MCSO 

cm -1 51 
woo-' 



aiai«a 

eokO'Ct 

WCMi-< 


OOCOJN 
0009 CO 

cmw 


'<#011 CO 

ocaio 

iH cmi-< 


nil 

.pt 3 

•sllll 

o 

•C'd'O'B a 


«-lh> 0^000- CD OQiOlOO 

cootocmooh- cmoo-io 

eoooc<cm»^TH wi-no 


00009 ’4*0 

oco^ coo 

1-10909 r-tr-l 


CDICO- iHN- 
eooi’- c»iH 
’4*0009 09^ 


t-OOCOlHJOIOlH i-*r-fWP^ 


NM 50 O'*** 

f^COf-* 0-00 
e0CQ09 tH 


r-iooeo OOr-l 
COOOOO oo 

^e009 Iir-I 


NOCO 4[*>0 


0000*0 
09 CO cm 


oo&oo 

C90CO 
09 CO 09 


■4*090 
OOh-b- 
coco 09 


eD'4<co ^co 


0 * 0*0 oeo 

eOOC9 NC9 
090009 i-> 


00900 OOCO 
(MCOtO a»09 
COCOC9 T-( 


CO*OCO yun 


■4*00 

oo 

0900 


CO CO eoo CO 1 -* 1 - 1 O 


a . 




s ® S 

■ 2.-^ ^ 

ill? 


^S|933|||§|| 

o'E'E'^i'aE Pt'Pi a A 

'®!S222*®2 S2222 

‘S’S’S'S'S'o'S *’3’3‘5*3 


I 

d 

5 

1 

o 

>1 

d 


d 

o 

ja 

s 


s 


i|||§§ 

■ai 8 OS'S 

lisll 

'isf! 

^ ai ^ 



196 


PRACTICAL APPLICATION OP CORROSION TESTS 




ROBERT J. McKAY, O- B. J. FRASER AND H. E. SBARLB 


197 


Table 9. — Weight-loss Tests in Aqueous Solutions of Some Milk Con^ 
stituents and Other Proteins 




Nickel I 

Monel Metal 

Solution 

Concen- 
tration 
Per (Dent, 
by Weight 

Num- 
ber of 
Tests 

1 

Loss, Mg. per Dm.* 
per Day ' 

Loss, Mg. per Dm.* 

Num-j 


Maxi- 

mum 

I 

Mini- 1 Aver- 
mum 1 age j 

, mum 

! 

Mini- ! Aver- 
mum age 


Temperature. 8® C. (48* F.) 


Casein^ 

3.2 

2 

1.82 

0.91 

1.37, 

1 

1 


1.98 

Egg albumen 

0.6 

2 

35.5 

26.4 

30.95' 

1 



58.9 

Blood albumen 

0.6 

2 

2.86 

2.19 

2.53j 

1 



1.82 

Gelatin 

0.5 

2 

10.30 

7.94 

9.12 

1 

! 


7.95 


Temperature. 23® to 27® C. (73® to 81® F.) 


Casein^ 

3.2 

5 

5.2 

+1.09 

1 

0.83 

5 

6.54 

+2.63 

0.89 

Egg albumen 

0-6 

5 

50.2 

32.1 

42.2 

5 

25.0 

16.2 

20-9 

Blood albumen 

0.6 

5 

5.51 

+1.40 

l.lll 

5 

14.0 

1.40 

6.56 

Gelatin 

0.5 

5 

37.6 

28.7 

32.8 j 

5 

43.9 

24.65 

31.15 

Lactose 

4.5 

5 

5.1 

0.96 

2.911 

5 

1 4.55 

0.56 

2.32 

Lactic add 

1.0* 

5 

314.0 

1128.0 

267.0 j 

5 

115.0 i 

62.4 

83.8 

Water, distilled l 

i 


5 

6.2 

+0.48 

2.431 

5 1 

4.38| 

1 

0.56 

3.14 

i 


1 Dissolved in Ca(OH)t solution. 

* In one test for each, metal the add concentration was 0.9 per cent. 

+ indicates a gain in weight. 

Volume of solution in eadi test. 500 c.c.: test x»ece area. 0.3 square dedmet^. 
Solutions stirred continuously, but not aerated. 

Duration of tests, 17 to IS hours. 


Some (iifficulty was experieiKjed in getting satisfactorily permanent 
emulsions of butter, and in getting some of the proteins (iissolved. Milk 
albumen, although very finely ground, did not dissolve at all well. It 
was added to the extent of 0.5 per cent., but only about half of this 
dissolved. Butterfat added as sweet cream remained emulsified, but 
too much protein was added with the cream, hence sweet butter was 
used. In only one test was it possible to get a fairly permanent emulsion 
with the butter in the absence of asasting agents, but moderately good 
results were obtained with the addition of 0.1 per cent, of saponin. 

Nickel exhibited a general tendency toward increasing solubility 
with increasing acid concentration, except in solutions containing sweet 
cream. Monel metal showed a corresponding tendency only in pure 
add solutions. Sweet cream additions favored high rates of solution 
of nickel with the lower add concentrations and particularly at low tem- 
peratures, but had little or no effect with the higher acid concentrations. 
Sweet butter had no effect on the solubility of nickel with low but 
reduced it considerably with high add concentrations. Casein lowered 
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the solubility of nickel appreciably, and milk albumen reduced it to the 
same order of magnitude as in winter milk. Lactose caused a slight 
reduction. The solubility of monel metal was reduced by butterfat, 
casein, milk albumen and various combinations of these. The reduction 
with cream was somewhat greater than with sweet butter. Lactose also 
reduced the solubility of monel metal. 

Egg albumen increased the solubility of nickel, but decreased that of 
monel metal. Cottonseed oil and mineral oil decreased the solubilities 
of both materials. Soap was decomposed, the resulting free fatty acid 
being deposited as a visible film on the metal surface, which it protected 
fairly well, as was shown by the large decreases in solubility of 
both materials. 

The usual effect of temperature in increasing the solubility of metals 
and alloys was apparent. 

In the lactic acid solutions, test pieces were etched lightly. In solu- 
tions containing butterfat, nickel sometimes showed a very faint tarnish, 
but monel metal was not changed in appearance. In all solutions con- 
taining both lactic acid and proteins, however, both metals were tar- 
nished slightly. 

Apparently the rates of solution of nickel and monel metal are lower 
in milk than in pure lactic acid solutions of equivalent acidity because of 
the inhibitory influence of the proteins, and, to some extent, of butterfat 
and lactose. The protective effect of butterfat is much greater on monel 
metal than on nickel. It is particularly noticeable that the effect of 
butterfat increases with increasing acid concentration, which may explain 
why the rates of solution of the metals are greater in winter milk than in 
the more acid summer milk. 

The protein effect is probably twofold, partly the mechanical protec- 
tion afforded by precipitated protein, and partly the fixation of hydrogen- 
ion, which reduces materially the effective acidity. 

Butterfat acts probably in a purely physical manner, by coating the 
metal surface to some extent. Test pieces from tests with butterfat were 
slightly greasy to the touch. This explanation is supported by the 
similar effects produced by both cottonseed oil and mineral oil. It is also 
supported by the action of the soap. 

The original data, which have been summarized in Tables 7 and 8, 
showed that the influence of temperature between 18® and 28® C., was 
negligible. Nickel in particular showed even lower solubility at 28® 
than at 21® C. The minor significance of temperature changes within 
the noted range for the room-temperature tests has been mentioned 
before in discussing the relative solubilities of nickel and monel metal 
in milk. 

Table 9 contains the results of some tests conducted after the manner 
of those of Tables 7 and 8, in which nickel and monel metal were exposed 
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at storage and room temperatures to distilled water, and to solutions 
of lactic acid, lactose and several common proteins. Distilled water 
was the solvent for aU except gelatin, for which limewater was used. 
The usual rates of solution were obtained in lactic acid solutions, and 
the solubilities were appreciable also in solutions of egg albumen and 
gelatin. In distilled water and the other solutions corrosion rates were 
very low, and of the same order of magnitude as in summer milk. 

Both metals were tarnished heavily by egg albumen and gelatin 
solutions at room temperature, and by egg albmnen at 8® C. At the 
lower temperature lighter tarnish films were produced. Blood albumen 
tarnished monel metal slightly at room temperature, but discolored only 
one piece of nickel, and that only faintly. Casein discolored monel 
metal very faintly at room temperature. Lactic acid solutions etched 
both nickel and monel metal at both temperatures but did not discolor 
either. No surface effects were apparent in other cases. 

No study was made of the influence of the mineral salts which occur 
in milk. None of these are of themselves corrosive” substances for 
either nickel or monel metal, and any effects which changes in concen- 
tration of these salts might exert on corrosion rates would be due probably 
to alteration of hydrogen-ion concentration through buffering action. 
The effect of changing hydrogen-ion concentration was covered by the 
tests in pure lactic acid solutions. 
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Part II. — ^Field Experiments 

Bt H. E. Searle 

Nickel dairy equipment gradually came into general use during the 
few years which followed the beginning of the investigations described 
in Part I. When nickel equipment became common and many different 
types were available for test, it was thought desirable to conduct field 
investigations to study certain matters of practical value to the designer 
and user of dairy equipment; such as the best methods of construction, 
the normal wear of equipment, the effect of nickel on milk, and the best 
cleaning methods. 

Field Investigations in Pasteurizing Plants 

The pasteurization of milk is the largest function of the dairy industry; 
consequently most attention was devoted to this branch. 

The purpose of pasteurization is to destroy harmful bacteria which 
may be present in milk. Generally, it is accomplished by heating the 
milk to the thermal death point (142° to 145° F.) of the most resistant 
organisms and maintaining the temperature at that point until dangerous 
organisms are destroyed and the milk may be consumed with safety. 
The holding period is usually 30 min., after which the milk is cooled 
to about 40° F. 

The apparatus used for pasteurizing milk varies in type and construc- 
tion, depending largely on the quantity of milk to be handled each day. 
Small quantities of milk are handled in batches but large quantities are 
pasteurized in a continuous manner. A New York dairy pasteurizing 
large quantities of milk in typical equipment was selected for the field 
investigation of pasteurizing equipment. 

Process and Equipment 

The raw milk received at the plant was weighed and then passed 
through a filter, from which it was discharged either to a storage tank 
or directly to the pasteurizing equipment, according to operating condi- 
tions in the plant. The continuous pasteurizing plant consisted of a 
surface preheater, a multiple segment holding tank, a surface cooler, 
and the necessary pipe connections. 

The surface cooler is illustrated in Fig. 4. It consists of a bank of 
36 tubes, each of which is supported in a horizontal position. The bank 
is in a vertical position and the ends of the tubes are connected together 
in series. There are four groups, or sections, of eight tubes each, and 
one of four tubes. Either brine or cold water is circulated through the 
inside of the tubes in the smaE bottom section; the direction of flow is 
from bottom to top. Cold water is circulated through the inside of the 
tubes in the four top sections; the direction of flow is from bottom to 
top. Hot milk is received in the feed pipe at the top and flows through 
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a series of small holes, along the bottom of the pipe, onto the top tube 
of the surface cooler. The milk then flows downward by gravity, in a 
thin film, over the outside surface of each successive tube. The milk is 
cooled during its passage downward, the heat passing through the tube 
to the liquid within it. Upon leaving the bottom tube of the cooler, the 
milk is collected in the brine-jacketed collection trough below. 

The surface heater is very similar in construction to the surface cooler. 
In its operation, hot water is circulated through the inside of the tubes; 
the direction of flow is from bottom to top. Cold milk is supplied to the 



Fig. 4. — Sukpace cooleb used fob cooling pasteubized milk. 

feed pipe above, and hot milk is collected in the trough below. The flow 
of heat is from the hot water within the tubes to the cold milk flowing 
downward over their outer surfaces. 

The multiple segment holding tank is illustrated in Fig, 5. It consists 
of a number of jacketed tanks each of which is shaped like the segment of 
a cylinder. The temperature of the milk in each tank is maintained 
within a narrow range by regulating the flow of hot water through the 
jacket. The whole apparatus is heavily insulated on the outside, to 
prevent loss of heat. Provision is made to rotate the tank slowly, and, 
by an ingenious arrangement, the milk is fed successively to each segment, 
in which it is held for 30 min. and then automatically dumped. 

During the pasteurizing procei^, milk is fed continuously, for about 
8 hr., to the surface preheater over which it flows and becomes heated to 
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about 143^ F. It flows from the preheater to one of the segments in the 
holding tank in which it is held at 143° F. for 30 min., then it flows from 
the cooler to the bottling machines. 



Fig. 5. — Multiple-segment holding tank in which milk is maintained at 

143^ F. FOR 30 MIN. 


Corrosion Testing and Methods op Test 


In studying the influence of temperature, air, rate of flow, etc., on the 
corrosion of nickel and monel metal by milk, specimens were exposed at 
four points on the surface preheater (m., on the top, ninth, seventeenth 


4 



A’ 



Sarm A-A* 

Fig. 6. — Method op supporting test specimens on surface preheaters and on 

SURFACE coolers. 


and twenty-fifth tubes), in the segments of the holding tank, at four points 
on the surface cooler (viz., on the top, ninth, seventeenth, and twenty- 
fifth tubes) and in the collection trough underneath the surface cooler. 
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In cariying out these tests, it was necessary that they should 
not interfere with the operation of the plant. Also, it was necessary to 
avoid the possibility of galvanic action, and to do so in such a manner as 
would insure that the test specinaens were exposed as nearly as possible 
under actual working conditions. To accomplish this, two different 
methods were utilized. 

The method used in exposing specimens on the surface preheater and 
on the surface cooler is indicated in Mg. 6. A thin bakehte tube (about 
in. thick) was cut longitudinally into two parts, one of which com- 
prised a little more than half the tube. Small bakelite pins (about 3^ in. 
dia.) were then ^t into the larger portion of the tube as indicated in Mg. 
6. Before the surface heaters or surface coolers started operating, the 
section of bakelite tubing was snapped in place on the top side of the 
proper tube. Then, curved specimens, which were about an inch wide 
and had a hole drilled in the center, were set in place over the 

bakelite pins in the tube. At the conclusion of the day's run, about 8 hr. 
later, the specimens were removed, rinsed in water, scrubbed with a 
bristle brush, rinsed in alcohol-ether mixture, dried, and reweighed to 
determine loss in weight. The bakelite tube was also cleaned and made 
ready for the next day's run. 

Spool-type Specimen Holder 

Quite a different method was used for supporting specimens in the 
holding tank and in the collection trough under the surface cooler. The 
supporting device, which is referred to as the ‘^spool-type specimen 
holder,” is shown in Mg. 7 (A, as assembled for 12 specimens; jB, carrying 
case for separate parts). It is a very useful apparatus in the field-testing 
of metals. It was designed (1) to accommodate an easily prepared 
specimen of standard size; (2) for flexibility as to the number of specimens 
it will hold; (3) so that the parts are permanent in character or easily 
replaced; and (4) suflSciently compact that it can be carried or shipped 
as easily as ordinary hand luggage. The carrying case (Mg. 7B) will hold 
suflSlcient specimens and parts to a^mble at least seven specimen holders 
(Mg.7A). 

The dim ensions of the various parts used in assembling the spool-type 
specimen holder are given in Mg. 8. The disks (A) are of isolantite, or 
bakelite. The insulator (C) of the supporting rod is made of bakelite 
tubing. The supporting rod (B), the bracing rods (E) and the nuts 
are made from pure nickel. In assembling the apparatus, the insulator 

(C) is slipped over the supporting rod (B), Then, a disk (A) is slipped 
over the insulator. Stand^d insulating (isolantite or bakelite) spacers 

(D) and ^cimens are slipped alternately over the insulator (C) until 
an the specimens and spacers are in place. Another disk (A) is put on 
and a nut attached to the free end of the supporting rod (B), Then 
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four bracing rods {E) are slipped through the smaller holes in the disks 
(A) and nuts attached. Then, the assembled parts are screwed tightly 
together by means of nuts, after which the apparatus is ready for use. 



Fic. 7 . — Spool-ttpe specimen holder eor supporting test specimens in tanks, 
BTC.; AS ASSEMBLED POR 12 SPECIMENS; B, CASE FOR SEPARATE PARTS. 

When the apparatus is assembled, the specimens are parallel and spaced 
% in. apart. All specimens are insulated from one another. The 
possibility of contact with exterior metallic objects is minimized by the 
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disks (A) and by the bracing rods (E). Also, the disks (A) and bracing 
rods (E) minimize the danger of accidental damage of the specimens by 
mechanical means. 

Specimens were exposed to the action of milk for about 8 hr. in both 
the holding tank and in the collection trough under the surface cooler. 
In the holding tanks, the specimens were completely submerged, except 
for about 2 min. during each hour. In the collection trough, the speci- 
mens were always submerged. 



mSULATOR (p FOR SUFFORJING ROO 
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Fio. 8 . — Dimensions of parts of spool-type specimen holder. 


Data Obtained and Discussion 

The influence, on corrosion, of temperature, rate of flow, air and 
protective coatings was demonstrated in a striking manner by the series 
of tests which have been outlined. 

On the surface preheater, no weighable losses were obtained. Exam- 
ination of the specimens showed that the surfaces of the metal and the 
bakelite tube were covered with a thin film of casein, which evidently 
had been precipitated by the hot metal tube which was heated by the 
hot water flowing through it. The coating was white in color. It was 
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quite different from the brown-colored protein coating referred to in 
Part I. The casein coating was almost invisible but it served as an 
excellent protective coating for the underlying metal. An examination 
of the outer surface of the tubes comprising the preheater established 
that a similar deposit was present on them. This observation was of 
considerable importance in explaining why surface preheaters and 
surface coolers were not affected in the same manner by the action of 
the milk flowing bver them. 

On the surface cooler, no such casein deposit was developed, proba- 
bly because heat was being withdrawn from the milk by the cold tube 



Fig. 9. — Weight-loss data on nickel anl monel metal. 


which was cooled by the liquid within it. In all cases, definite losses 
in weight were obtained, as well as a brownish discoloration. The 
data on nickel and monel metal are presented graphically in Fig. 9 by 
the lines marked AB. 

It will be recalled that the hot milk flows from the multiple-segment 
holding tank to the surface cooler. The milk is at the same temperature 
in the holding tank as it is at the top tube of the surface cooler. The data 
obtained in the tests carried out in the multiple-segment holding tank 
are plotted also in Fig. 9; they are represented by the points marked D. 

The data obtained in the tests carried out in the brine-jacketed 
collection trough underneath the cooler are plotted also in Fig. 9, and 
are represented by the points marked C, 

It win be noted that the corrorion rate is higher at the higher tem- 
peratures. Most noticeable is the wide divergence between the line AB 
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and the Kne made by ioining the two points C and D. The divergence 
is caused by the difference in the conditions of exposure, particularly 
the influence of air and the rate of flow of the milk. In the holding tank 
and in the collection tank the milk is in a state of very slight agitation, 
but on the surface cooler it is flowing rapidly. Also, the milk is applied 
to the top tube of the cooler in fine jets and flows over it in a very thin 
film which is freely exposed to air. The conditions are very favorable 
to the solution of air in the milk while it is being applied in small jets 
to the top tube and during its passage over the cooler. In the holding 
tank the milk is exposed to only a limited amount of air because the 
tank is provided with a heavy cover and there is a slight outward pressure 
in the vapor space above the milk. 

As indicated in the preceding paragraph on coolers, the specimens 
were discolored with a brown-colored tarnish whenever there was a 
weighable loss. In making weight-loss determinations this discoloration 
was removed by scrubbing the specimen before reweighing. Therefore, 
the weight losses plotted in Fig. 9 represent the sum of the weight of 
metal contained in the tarnish and the weight of metal which was dis- 
solved, or carried away, by the milk. To obtain information as to 
how much metal was absorbed by milk processed in nickel, samples of 
milk were collected at different points in a similar plant which was 
completely . equipped with nickel apparatus. The bottled milk was 
found to contain 1.3 p.p.m. of nickel. Using data obtained in the 
weight-loss tests, it was estimated that about 21 per cent, of the total 
weight loss found its way into the milk, the balance was removed from 
the surface of the metal during the cleaning operation, in the form of 
discoloration. Also, it was found that the milk picked up 42 per cent, 
of its metal during its passage over the surface cooler. 

The results obtained by field tests on surface preheaters, in holding 
tanks, and on surface coolers, demonstrated clearly the pronounced effect 
of such factors as protective coatings, rate of flow, air, and temperature, 
on the corrosion of metals by sweet milk during its pasteurization. It 
is a typical example of the importance of conditions in the corrosion of 
metals. The results suggest certain improvements in the method of 
handling milk and in the design of equipment. 

Field Investigations in Milk Condensery 

The influence of air on the corrosion of metals was demonstrated 
further during a field investigation carried out in a milk condensery, the 
product of which was evaporated milk. 

Vacuum evaporators made of copper are employed in the production 
of evaporated milk. The general method of construction is indicated 
in Fig. 10. In their operation, preheated raw milk is drawn continuously 
into the evaporator, where it boils vigorously, at 140° F., under a 25-im 
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vacuum. The evaporated milk is drawn continuously from the evapo- 
rator through a check valve and low-pressure pump. The evaporator 
is kept about half-filled with liquid. The quantity of raw milk handled 
is about 12,000 lb. per hr. The duration of the day's run depends on 
the amount of milk received at the plant. At the conclusion of the 
day's run, the inside of the evaporator is thoroughly cleaned. 

Specimens were supported on the spool-type specimen holder already 
described and exposed at the points indicated by the crosses in Fig. 10. 
Three tests were made at each point, two specimens of each metal being 
included in each test. At the top of the evaporator, where the specimens 
were bathed in the vapors and spray from the con- 
densing milk, the corrosion rates for nickel, monel 
metal, and copper were respectively 11, 15 and 48 
mdd. At the middle point the rates were respect- 
ively 2, 4 and 33 mdd., and at the bottom point 
respectively 5, 5 and 24 mdd. 

It is evident that the corrosion is greatest in the 
vapor space where there is liable to be the largest 
amount of air. A comparison of the above data with 
that given in Fig. 9 shows an impressive difference 
between the corrosion rate of nickel and monel metal 
in vacuum evaporators and on surface coolers. 
Except for the influence of air, the other conditions 
are similar. 



Fig. 10. — Vacuum 

EVAPORATOR FOR PRO- 
DUCTION OP EVAPO- 
RATED milk; outline 

OP CONSTRUCTION. 


Field Investigation in Plant Peodtjcing 
Cultured Milk Products 


An indication of the importance of acidity on the 
corrosion of metals was obtained during a field 
investigation carried out in a dairy which produced cultured buttermilk 
from the skim milk discharged by the cream separators. 

Buttermilk is made from skim milk by a ripening or fermentation 
process. A typical buttermilk machine is shown in Fig. 11. It consists 
of a tank which is heavily insulated on all sides to prevent loss of heat. 
It is equipped with a metal coil which can be rotated. The coil is so 
arranged that either hot water, cold water, or brine, may be circulated 
through it at will. 

In making buttermilk, a quantity of skim milk is run into the machine 
and pasteurized, at 170° F., for 1 hr., by circulating hot water through 
the rotating coil. The skim milk is then cooled to 68° F. by introducing 
cold water into the rotating coil. A quantity of specially prepared 
^'starter" containing suitable bacteria is then introduced into the 
batch and mixed thoroughly with it. The coil is then stopped and the 
batch is allowed to ripen for about 16 hr., at 68° to 70° F. During 
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the ripening period, the acidity of the batch increases about 0.7 per cent, 
and the batch assumes a jellylike consistency. At the proper time, the 
batch is cooled as quickly as possible to about 40° F., by introducing 
cold water or brine into the coil, which is rotated during the cooling 
process. A buttermilk of creamy consistency is discharged from the 
machine as soon as possible after it is cooled. 



Fig. 11 , — Machine fob making buttermilk from skim milk. 

Specimens supported on the spool-type specimen holder were sus- 
pended in the batch at the start and removed just before discharging it 
from the machine. The rates of corrosion of nickel and monel metal 
were respectively 96 and 46 mdd. In both cases, the specimens acquired 
a brownish discoloration which was removed before the specimens 
were reweighed. 

A comparison of the above data with that given in Fig. 9 indicates that 
the effect of much higher acidity was not great enough to offset the lack 
of air and continuous agitation, which played such an important part 
on the surface cooler handling sweet milk, of which the acidity is 0.1 to 
0.2 per cent. 

In order to obtain some information as to the amount of metal in 
finished buttermilk, samples were obtained for analyses from machines 
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constructed entirely of nickel The buttermilk was found to contain 
1.4 p.p.m. of nickel. Using the weight-loss data previously obtained, 
it was estimated that the metal removed from the machine during its 
cleaning, in the form of discoloration, represented 97 per cent, of the 
total loss in weight. 

Field Investigations on Flavor of Milk 

In Part I of this paper, reference has been made to the question of 
how metals influence the flavor of milk and milk products. At least in 
certain cases, the metal is held to be the cause when actually it is not 
associated with the production of foreign flavors. For example, in one 
of the cases investigated in the field, the dairyman was obtaining an 
unmistakable off-flavor in his pasteurized milk after it had been bottled 
and stored for about 20 hr. at about 40° F. A nickel pasteurizer was 
suspected of causing the off-flavor. This contention was proved errone- 
ous when the dairyman^s milk was taken to a neighboring dairy and 
pasteurized in glass-lined equipment. The flavor followed the milk. 
Also, milk from the neighboring dairy was pasteurized in the nickel 
machine and found to be normal in every respect, as had been usual. 
Further investigation showed that the feed of the cows was responsible 
for the off-flavor. 

No case has ever been encoxmtered in which nickel was associated in 
any way with off-flavors in milk. As has been pointed out by Quam and 
Soloman, Hunziker and Hosman, Rice, and Davies and Mattick,^® 
copper and iron are associated sometimes with off-flavors in sweet milk 
and in other dairy products. 

An interesting example of how copper may be associated with off- 
flavors in milk was obtained during a field investigation of an unusual 
case involving the use of monel metal milker pails. The pails were used 
on a farm which specialized in the distribution of raw Jersey milk of 
excellent quality. After successfully using the pails during the summer 
months, trouble was encountered in the early winter with a peculiar oily 
flavor which did not develop until after the raw milk had been stored 
in sterilized glass bottles at 40° F. for about 16 hr. Investigation proved 
that milking into sterilized monel metal pails caused off-flavors to 
develop which did not develop on milking into glass or tin. There was 
no appreciable metallic contamination of the milk during its short con- 
tact (about 20 min.) with the monel metal pail. Analyses showed that 
the metallic contamination was considerably less than 1 p.p.m. Further 
investigation showed that if the affected milk was pasteurized before 
storing, no off-flavor was apparent after the usual storage period. 
Bacteriological tests showed that the milk was not normal. Some strain 
of bacteria having an optimum growth point of about 40° F. was present 


See bibliography at end of Part I. 
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in the milk. Apparently, the bacteria were the primary’’ cause of the 
off-flavor, but contact with copper, or the presence of minute amounts of 
copper in the milk, was necessary to their growth. 

Part IIL — General Discussion and Conclusions 

By Robert J. McKay 

From the considerations previously presented in this paper and others 
it is possible to list the qualities of importance in connection with the 
corrosion-testing of metals used in handling milk. In preparing this 
list the most important qualities are put first, but every quality is 
necessary and none can be omitted. The list follows: 

1. Availability in all shapes and workability by aU forming and 
seaming methods, 

2. High mechanical properties. 

3. Resistance to abrasion and impact. 

4. Resistance to corrosion. 

(a) By milk. 

(b) By brines. 

(c) By natural waters. 

(d) By sterilizers and cleaners. 

6. Lack of effect on milk. 

(а) Toxic. 

(б) Taste. 

6. Resistance to delayed corrosion. 

(а) Corrosion-fatigue. 

(б) Corrosion-cracking. 

7. Ease of cleaning. 

8. Efficient heat transmission. 

9. Appropriate color. 

Allocation op Properties 

The resistance to corrosion and related qualities bulk large in this 
list. As compared with other instances of corrosion-resistant construc- 
tion the factors determined by corrosion tests have a greater relative 
importance than is usual. As stated in the introduction the properties 
other than those determined by corrosion test must be given full weight, 
but since the main purpose of this paper is the illustration of a method 
of corrosion-testing, those properties will be given only enough comment 
in this discussion to properly allocate them. 

Availability and Workability 

Due to the complicated nature and changing design of dairy apparatus 
the requirements under this heading are very broad. It should be noted 
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that all formsj working processes and seaming methods are included. 
Those that are not required at present may be necessary as designs are 
refined and improved. Nickel and monel metal fulfill these requirements 
well. The development of proper seaming methods has required much 
thought and testing including a large number of corrosion tests. These 
were principally on electrolytic effects and resulted in the selection of 
seams quite free from such effects. 

High Mechanical Properties 

A metal of proper structural strength is necessary for strong, light 
design. A minimum of space is desirable because a situation in the 
crowded sections of cities and towns is often convenient. These metals 
stand high in this respect. In a few cases particular properties are 
somewhat too high for the greatest facility in working. 

Impact and Abrasion Resistance 

The operations of cleaning subject milk-handling apparatus to an 
unusual amount of abrasion and impact. The material used must be 
able to withstand this without deformation or deterioration. Impact 
tests give exceptionally high results on nickel and monel metal. Abrasion 
tests, like corrosion tests, must be specific to the conditions, but from 
some years of observation of these metals in service it may be concluded 
that they are more resistant to these conditions than other materials 
which have been used. 

Resistance to Corrosion 

Corrosion by Milk, — Under this head we wiU consider the effect of 
corrosion on the metals in so far as it affects the life of equipment. 
Some of the tests used here are also used for the conclusions under 5 
and 6, but the perspective is different, and the two separate viewpoints 
should be clearly understood. An illustration of the difference is the 
evaluation of corrosion rates in economic terms. In these tests, in 
which there is very little pitting or other local corrosion, the latter can be 
neglected and it is a simple arithmetical calculation to convert the unit 
used, mdd., to years of service of a given thickness of sheet, tube or rod. 
This is all that is necessary to determine the life of equipment, but 
to determine the effect of the metals on the milk from these data is 
a much more complicated matter which involves less exact and positive 
estimating methods. 

Assuming that the average gage of sheet and tube used, as designed 
for proper strength, is 0.03 to 0.06 in. (22 to 16 gage) and 2 years is the 
absolute minimum allowable life of equipment, then the maximum 
allowable corrosion rate is 100 mdd. This gives a safety factor of from 
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1 to 2. For many types of equipment a corrosion life of from 10 to 15 
years is desirable. In these cases the corrosion rate should be 20 mdd. 
or less. 

Six controlling factors in corroding liquids, and therefore in corro- 
sion-testing, are mentioned in the introduction of this paper, and their 
effects in the present case are summarized in Part I. Two of these 
have been understood for many years but four have only come into 
recognition since 1922. The practical value of considering these in 
corrosion studies seems to deserve emphasis and they are listed and 
briefly summarized below: 

1. Electrolytic Effects , — Of little or no significance on nickel; some 
specific but relatively unimportant effect on monel metal. 

2. Oxygen Content — Increases corrosion seriously at some tempera- 
tures, reduces it at others. 

3. Acidity . — Important though varying effects, usually accelerating 
but depending on other factors. 

4. Temperature . — In most cases of the greatest importance, in a 
few unimportant; extraordinary accelerating effect when combined 
with other factors. 

5. Solid Films . — Corrosion product films are of little effect; distinctive 
milk constituent films important in special cases. 

6. Movement . — Great accelerating effect at high temperature and 
oxygen content. 

In addition to these general factors there is a specific one of variation 
in the composition of the milk. The varying constituents were found 
to differ greatly in their effect on the corrosion reactions. It is 
obvious that an attempt to determine the effect of milk by study of any 
single constituent such as lactic acid will lead to improper conclusions. 

The absence of electrolytic effects of any major importance in this 
type of corrosion is worthy of consideration. The principle phenomena 
can not be explained by electrolytic reasoning and apparently could not 
be studied by electrolytic tests. It is recognized that this statement is 
in disagreement with those writers who have assumed that all corrosion 
is electrolytic. The writers who have accepted the latter hypothesis 
have been primarily interested in the corrosion of iron and its alloys, and 
it seems probable that their opinions are based largely on the corrosion 
of iron. Certainly the major portion of the destructive corrosion of 
iron and iron alloys is electrolytic and it is almost an inherent feature of 
high-iron alloys to be subject to electrolytic corrosion, particularly that 
type which one of the present authors has called concentration cells. 
It seems a general rule that the most destructive types of corrosion are 
electrolytic. It is considered a valuable quality of nickel and monel 
metal that they are quite usually free from these effects and the local 
attack and pitting which accompanies them. 
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The above general conclusions on the six factors are based largely 
on the laboratory tests. These tests showed not only the direction of 
variation of the several factors, and their interdependence, but also 
gave a quantitative idea of their relative importance. This knowledge, 
however, leads to the conclusion that the laboratory tests in themselves 
are incomplete. They gave corrosion rates both higher and lower than 
the limits we have set for economic operating practice. The controlling 
factors are not quantitatively reproducible in the laboratory as they 
exist in practice, except at prohibitive expense, and therefore it was 
found necessary to make tests in operating plants. In these plants 
the important factors vary in different parts of the plant. But with the 
preliminary results of the laboratory tests it was possible to determine 
readily where and how these tests were to be made. This enabled the 
planning of the series of plant tests described in Part II. 

To cover the variation of the six factors readily a standard testing 
apparatus has been developed. It would have been difficult to obtain 
proper agreement in many of the field tests without this apparatus. It 
was particularly useful in certain parts of the process. In others an 
individual special arrangement of samples was necessary. 

With these considerations in mind field tests were made which quite 
clearly outlined the principle facts of this corrosion and enabled a reason- 
ably accurate conclusion as to its course and effects. Although this 
final determination was made by field tests it would have been impossible 
without the foundation knowledge obtained in the laboratory studies. 

The graphs and text of Part II show the quantitative results, which 
indicate that of the many parts of milk-handling apparatus there is only 
one wherein the corrosion rate extends beyond the estimated point of 
economy. This is on the tubes of the surface cooler. It is an interesting 
detail, illustrative of the ever-present danger of error from partly con- 
trolled or incomplete tests, that the rate varies on this surface cooler 
through a wide range, being 27 times as great at the top as at the bottom. 
Also the dividing line (100 mdd.) between impracticality and practicality 
of use hes well between the two, the rate at the top being 440 per cent, 
and that at the bottom only 18 per cent, of the danger point. 

There has been interrelated use of data between the laboratory and 
field tests in many other ways. Another useful result obtained in the 
factory tests which might not have been obtained by laboratory tests 
alone, is that of the protective casein coating always formed on the 
surface preheater. This is a factor individual to milk and to this type 
of apparatus. It was not predicted by the laboratory tests and appeared 
only in the special tests in the plant but its identification depended on 
the laboratory data. The film was practically invisible and was found 
only by a process of elimination based on the knowledge obtained in the 
laboratory of the action of the other five factors. 
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Corrosion by Brines^ Natural Waters, Sterilizers and Cleaners, — The 
use of these materials in the dairy is so general and so necessary that 
consideration of their corrosion effects is only second in importance to 
those of the milk itself. The data on rates have been determined in 
tests other than those reported here, and vary from 1 to 30 mdd., thus 
being well within the safety limits. 

Effect on Milk 

There is probably no common article of commerce so easily affected 
seriously by outside influence as milk. The slightest change often 
results in its complete rejection. For this reason it illustrates well the 
significance of the effect of corrosion products. As previously stated, 
these effects are more complicated and more difficult to measure than 
length of life, and for their consideration one must view the corrosion-test 
results in an entirely new light. To illustrate the interesting problems 
connected with this angle of corrosion some common instances are listed 
below. In milk, corrosion products may affect the wholesomeness, the 
taste, or the color. Other cases are changes in coloring materials, 
contamination of other human foods, changing appearance of objects 
of art or architecture, lowering the purity of c.p. chemicals such as caustic 
soda for artificial silk. Such effects have broad significance. 

Toxicity, — Toxicity is a matter of such variation that its accurate 
measurement is difficult. A large number of experiments on this subject 
are quoted in Part I. It is believed that they furnish a safe basis for 
conclusions. We can say that nickel contents up to 100 p.p.m. cannot 
do harm to the human system. Probably much larger concentrations 
are entirely harmless. The legal limit for the copper content of foods is 
30 p.p.m. Accepting these figiues as reliable the simplest and most 
positive way of determining this effect was actual analysis of nickel and 
copper contents in operating factories. The highest amount of nickel 
found under any conditions was 15.7 p.p.m. and the average content in 
bottled milk handled entirely in nickel was 1.3 p.p.m. These figures 
are in agreement with those estimated from laboratory and field corrosion 
tests. The amounts of copper found were in all cases less than those of 
nickel. They are so far below the safety limit that toxicity is obviously 
a factor which can be disregarded. It is much less important for study 
than the life of equipment, since a rate of corrosion sufficient to wear out 
the apparatus rapidly will not be sufficient to produce concentrations 
even approaching the allowable limits. 

Taste, — The flavor of milk is one of the best methods of determining 
its wholesomeness. No unpleasant or even unusual flavors are allowable. 
Pure nickel in the amounts given above cannot affect the flavor. Neither 
will the copper from monel metal affect the flavor directly. However, 
under special conditions monel metal may have an effect. This may be 
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due to electrolytic effects producing deterioration of tinned copper 
equipment to which it is electrically connected, and also the small amount 
of copper dissolved may catalyze bacterial growths which produce off- 
flavors. These occurrences are unusual, as the use of tinned copper 
equipment with monel metal is rare and the presence of the bacteria 
which produce off-flavors should be avoided for other reasons. 

Resistance to Delayed Corrosion 

The length and conditions of service required in milk handling make 
it necessary to be certain of freedom from corrosion-cracking and fatigue. 
Other tests and experience with monel metal and nickel early led to the 
conclusion that laboratory tests on these factors would be unnecessary 
because of the high values of the corrosion-fatigue limit and the absence 
of corrosion-cracking. Field examination of equipment in service for 
periods of from 5 to 18 years has strengthened this conclusion. 

Ease of Cleaning 

Cleanliness in dairy work is exceptionally necessary since any residues 
of milk products or other materials carried from one batch to another are 
sources of infections, off-flavors and unwholesomeness. A high standard of 
cleanliness is relatively easy to maintain on nickel and monel metal 
because of their smooth finish in service, but if once allowed to become 
dirty or tarnished their resistance to corrosion and abrasion make cleaning 
diflSicult. Because of this it was necessary to develop a suitable cleaner 
for the individual needs of these metals and this has been done, using the 
results of the tests reported here and others. With this mixture 
cleaning is easy and complete. 

Efficient Heat Transmission 

As previously described rapid heating and cooling of milk is one of 
the most important processes. The heat conductivity of nickel and 
monel metal is not high but due to the possibility of maintaining clean, 
scale-free surfaces the overall heat transmission of heating and cooling 
coils and surfaces is highly efficient. 

Appropriate Color 

The color of the metal should be such that impurities and dirt are 
easily detected by inspection. Nickel and monel metal fulfill this 
requirement well when polished. Under use in certain conditions a 
tarnish develops which is undesirable in color. This tarnish is easily 
removed by the cleaner mentioned above. 
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General Conclusions 

1. To be of practical value corrosion tests should be evaluated in 
conjunction with tests of other properties. 

2. A proper combination of laboratory and service testing is usually 
necessary before selection of the best metal and design for corrosion- 
resisting construction. 

3. Six extra-metal factors should be controlled or corrected for in 
corrosion tests: (1) Electrolytic effects; (2) oxidizing agents, usually 
dissolved air; (3) acidity; (4) temperature; (5) solid films; (6) movement. 

4. A standard apparatus, such as described, is suitable for many field 
tests. Its use must be guided by considerations of the sLx variable factors 
and where necessary it must be replaced by specially designed tests. 

5. Useful conclusions can be reached by the above plan. Con- 
clusions reached by shorter methods are liable to be misleading. 

6. Corrosion tests indicate that both nickel and monel metal are 
suitable for handling milk. Nickel is usually preferred to monel metal. 
This is in spite of the fact that its corrosion rates are higher (see con- 
clusion 1 above). 

7. Both metals pass the requirements of working qualities, mechanical 
strength, resistance to corrosion-cracking and fatigue, abrasion and 
impact, ease of cleaning, heat transmission and appropriate color. 

8. Due to the type of corrosion of milk on nickel and monel metal the 
electrol 3 rtic features of corrosion can be neglected. This is a special 
case. Where pitting and local corrosion are the rule, as in iron alloys, 
these features must not be neglected. 

DISCUSSION 

C, G. Fink, New York, N, Y. — Was the milk analyzed for copper before testing? 

0. B. J. Fraser. — Results are given for nickel only. I was not interested at the 
time in copper. I made no analytical determinations of metal in the milk. They 
have been made in other laboratories. 

C. G. Fink.— But you did record that the amount of copper was somewhat less 
than that of nickel. 

0. B. J. Fraser. — That was not my own result. 

C. G. Fink. — The copper might be less after the test than before. In the presence 
of nickel, copper deposits out by cementation. 

O. B. J. Fraser. — I do not know w’hether copper would be less after tests or not, 
but I believe not. Its behavior m milk would be quite different from that in pure 
lactic acid solutions, for in milk the metals are locked up in combination with proteins, 
and I do not believe that copper could be removed from such combination by cementa- 
tion on another metal. 

C. G. Fink. — Add a little more lactic acid and it will help. 



Correlation of Laboratory Corrosion Tests with Service: 
Weather-exposure Tests of Sheet Duralumin* 

Bt Henry S. RAWDON.t Washington, D. C. 

(New York Meeting, February, 1929) 

Any laboratory corrosion test, as judged from the practical point of 
view, is valuable only to the extent that it foretells what will, in all 
probability, occur in service. Such a test is most properly to be con- 
sidered as a “pilot test,” that is, a test which indicates the direction 
along which action may be expected to occur rather than as a truly 
quantitative test which would be expected to tell just how and to what 
extent the action would proceed. It is generally recognized that labora- 
tory corrosion tests should be chosen with particular reference to the 
character of service expected for any particular type of metal, so far as it 
can be foreseen. Even when this requirement has been fulfilled, how- 
ever, the question whether the actual service behavior of the material is 
in accordance and general agreement with predictions based upon such 
laboratory tests is always a pertinent one. The information available 
in the technical literature bearing on the correlation between the service 
behavior of metals from the corrosion standpoint, and the results 
obtained with the same metals in laboratory corrosion tests is very 
meager, indeed. 

The results which have been obtained in weather-exposure tests of 
sheet duralumin which form the body of this discussion are presented 
here for their bearing on this particular phase of the problem of the 
corrosion resistance of duralumin. Although the exposure tests described 
have not been completed, in the sense that all of the tests, in the series 
initially laid down, have been accomplished, still the general trend shown 
by the results is so clear that a number of definite conclusions at this 
stage (subject, of course, to possible modification in the light of later 
results) are believed to be warranted. The tests reported upon here 
form one phase of the much broader study of this subject which has been 
under way for several years in which the National Advisory Committee 
for Aeronautics, the Bureau of Aeronautics of the Navy Department, the 
Army Air Corps and the Bureau of Standards have cooperated. Without 
the very helpful cooperation of the manufacturers in furnishing the 

* Publication approved by the Director of the Bureau of Standards, U* S. 
Department of Commerce 

t Metallurgist, Bureau of Standards. 
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materials, which in some cases were made especially for this work, the 
investigation would have been very seriously handicapped. 

The fact is now well established that some sheet duralumin,* as well as 
some other high-strength aluminum alloys, under some conditions of use 
do not maintain their initial properties without impairment. The change 



Fig. 1. — Part op a duralitmin girder op type used for airship construction 
AFTER 3 years’ EXPOSURE TO ATMOSPHERE, 

Steel end plates, which were added for test purposes, are severely rusted, whereas 
duralumin lattices and channels show no marked surface attack. Such duralumin, 
however, has occasionally been found to be very brittle. 

may in some cases be very pronounced indeed. This change, as shown by 
the tensile properties, consists essentially in a marked lowering of the 
ductility of the material accompanied by a somewhat smaller proportional 
decrease in the tensile strength. Unlike the atmospheric corrosion of 
iron or steel, the change which may occur in sheet duralumin is not 


^ The name “duralumin” is used here as referring to the class of heat-treatable 
aluminum alloys in which the essential alloying elements are copper, magnesium, 
silicon and manganese and not to the product of any particular manufacturer. 
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Fio. 2. — ^Effect op intbrcrystalline corrosion on mechanical properties of 

SHEET duralumin. 


a, Sheet (0.048 in.) after 1 year’s storage indoors. X 2. Ultimate tensile strength, 
55,000 lb. per sq. in.; elongation in 2 in,, 16 per cent. 

&, Varnished sheet (0.057 in.) exposed to weather 8 months. X 2. Ultimate 
tensile strength, 48,600 lb. per sq. in.; elongation in 2 m., 6.5 per cent. 

Specified values for material of a and 5, 55,000 lb. per sq. in., ultimate tensile 
strength; 30,000 lb. per sq. in., yield point; 18 per cent, elongation. 

c, Sheet material (0.012 in.) used as an airplane wing covering exposed 2 years to 
sea air, severely bent to show degree of embrittlement. X 23^ . 

dj Cross-section of material of c, unetched. X 250, 

Cj Cross-section of a sheet of duralumin after several years’ storage indoors, showing 
slight intercrystalline attack. X 500. 

(Figure reduced to % original size.) 
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accompanied by any very marked surface indications. Sheet duralumin 
which has become brittle in service may not show any more evidence of 
the change in its surface appearance than is shown by the specimen in 
Fig. 1. In some exceptional cases, sheet material has become so weak and 
brittle that it could be broken readily with the fingers. 

The very extensive and successful use of the light aluminum alloys 
for aircraft has served in large measure to refute imputations which have 
been made at times concerning the unreliability and lack of permanence 
of this class of material. Experience has shown that most sheet 
duralumin under most conditions retains for years its initial strength and 
ductility unimpaired. With the increasing demands imposed upon the 
materials of modern aircraft construction, however, the question of the 
permanence of such materials becomes one of increasing importance and 
it was this aspect of the problem which prompted the study which 
was undertaken. 

In Fig. 2 is shown the nature of the structural change whereby the 
impairment of sheet duralumin is brought about. It has generally been 
assumed that this change is a form of corrosive attack. The results of 
the many laboratory corrosion tests which have been made and also the 
weather-exposure tests discussed below support this assumption. There 
can be very little doubt, indeed, but that this is the true explanation 
of the phenomenon. The corrosive attack is not of the ordinary familiar 
type, however. The characteristic feature of this attack is that it is 
not merely a surface attack but a penetration into the '^body” of the 
metal. The path followed is an intercrystalline one, the corrosion being 
localized almost entirely along the grain boundaries. For this reason, 
it is ordinarily referred to as intercrystalline corrosion.” 

Resume of the Results op Laboratory Tests 

It is not necessary to report here in detail the results of the laboratory 
accelerated corrosion tests which largely constituted the early part of the 
investigation. These tests were carried out on full-size tension bars 
which after being corroded by repeated immersion (wet and dry test) in 
various corrosive solutions were tested in tension, the change in the 
tensile properties being used as a measure of the corrosive attack. This 
part of the study has already been reported upon^ in detail elsewhere. 

A short r^sum4 of the important facts established by the laboratory 
study will suffice as a basis for the correlation of these results with those 
obtained in the weather-exposure tests. The results of the laboratory 

® H. S. Rawdon: Corrosion Embrittlement of Duralumin. II, Accelerated 
Corrosion Tests and the Behavior of High-strength Aluminum Alloys of Different 
Compositions. Ill, Effect of the Previous Treatment of Sheet Material on the Sus- 
ceptibility to this Type of Corrosion. IV, The Use of Protective Coatings. Natl. 
Advisory Com. for Aeronautics Technical Notes, Nos. 283, 284, 285. 
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corrosion tests of sheet duralumin have established, beyond reasonable 
doubt, the following facts: 

1. The change in sheet duralumin whereby the material is rendered 
relatively weak and brittle is a corrosion phenomenon localized along the 
grain boundaries and not a '' spontaneous internal change within the 
alloy such as, for example, a delayed phase change. 

2. While this effect has been produced in the laboratory to some extent 
at least, in all the compositions used, the presence of the constituent 
formed by the alloying of aluminum with copper appears to be most 
closely associated with this form of attack. 

3. Chloride solutions are most potent in causing an intercrystalline 
attack- Solutions of the other halogens act similarly but are less active. 

4. The rate of attack is accelerated by an increase of the temperature. 
At 70® C., the effect in dilute solutions was approximately four times that 
at room temperature in the same solutions. 

5. The ordinary loss of weight method for determining the corrosion 
rate is not applicable in this problem. The testing of full-size tension 
bars after different degrees of attack is, by far, the best method to use. 
Certainly this method is practically the only one which will give reliable 
information as to the change in the mechanical properties of the metal, 
which is the information needed in this particular case, 

6. In order to develop its highest tensile properties, duralumin must 
be heat-treated. The method by which the heat treatment is carried 
out is very intimately related to the susceptibility of the heat-treated 
duralumin sheet to embrittlement by intercrystalline attack. The heat 
treatment of duralumin consists of two operations, quenching and aging. 
Heat-treated sheet duralumin for which the quenching has been done in 
cold water is far more resistant to intercrystalline attack than the same 
which has been quenched in hot water before aging. Heat-treated 
material for which the aging process has been accelerated by using an 
elevated temperature is much less resistant than if the aging is done at 
room temperature. 

7. Cold-working of sheet duralumin, by stretching, bending, and the 
like, results in a condition which is somewhat favorable to intercrystalline 
corrosion, but this feature is a minor factor as compared with the 
differences in corrosion resistance which may result from improper 
heat treatment. 

8. Properly heat-treated sheet duralumin is not necessarily corrosion 
proof. Corrosion of the ordinary type may be expected to occur; hence 
the need of protective coatings. 

9. Oxide coatings formed by electrolytic treatment anodic process ’0 
as well as similar related coatings afford only very little protection in 
themselves. They must be kept well greased. The type of grease 
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used is of secondary importance, the frequency of renewal is of 
prime importance. 

10. Coatings of the spar varnish type are of only slight value. The 
addition of aluminum powder, however, reduces very greatly the per- 
meability of such coatings by atmospheric moisture and also retards the 
deleterious effect of light on such coatings. Clear and pigmented varnish 
coatings as well as bitumastic enamel exposed in various solutions in 
laboratory corrosion tests failed by blistering. Aluminum-pigmented 
rubber coatings have given excellent performance in laboratory 
corrosion tests. 

11. Metallic aluminum coatings produced either by the metal-spray- 
ing process or by rolling a duplex slab having a duralumin core and 
aluminum surfaces into sheet form, thereby producing a coating which 
forms an integral part of the finished sheet, have given most excellent 
results. Protection of the ^^cut” edges of aluminum-coated duralumin 
sheets appears not to be necessary if the sheet has been properly 
heat-treated. 


Method of the Exposure Tests 


The exposure tests, like those in the laboratory, were carried out 
upon full-size tension bars of sheet duralumin, 14-gage material being 
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Fig, 3, — Dimensions op tension specimen op sheet duealumin (14-gage) used fob 

ACCELERATED CORROSION TESTS AND FOB EXPOSURE TO WBATHEE. 


used for nearly all of the tests. The dimensions of the tension specimens 
are given in Fig. 3. The chemical compositions of the different materials 
are summarized in Table 1. 

The specimens to which coatings were applied before exposure were 
heat-treated by hot-water quenching. According to the laboratory 
tests, such material would be expected to show a relatively low resistance 
to corrosion, hence, a breakdown of the “protective” coating under 
atmospheric influences would be expected to be shown by the change in 
the properties of the basic metal at a relatively early stage. 
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t N.D. « not detected. 

1 1929 edition, page 500. 
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The exposure test racks were installed at three different locations 
representative of quite widely varying weather conditions. The locations 
are as follows: Naval Air Station, Coco Solo, Canal Zone; Naval Air 


Fig. 4. — Exposure racjk and specimens, Coco Solo Naval Air Station, Canal 

Zone. 




Fig. 5 . — ^Exposure rack ant> specimens, Bureau op Staijdards hoop. 

Station, Hampton Roads, Va.; and Bureau of Standards. The Coco 
Solo rack is illustrated in Mg. 4, This rack, inclined as shown, faced 
the souiii and was situated on the breakwater. The Hampton Roads 
rack was situated in a very similar manner on a platform attached to the 



Weather-exposure Test Specimens 


COBRELATION OF LABORATORY CORROSION TESTS 


ooooo ooooo 
* c S ONNcro T-idc>dd 

■ e«(NNC4»-i 


OOOO ooooo «0*00»00 »0»0000 OOOOU3 OOlOO *» 


CQ £ £3 lOOOOO OOOOO 
OOOOO OOOOO 
-J 1^(3010 

O’ wwcoccrH oodweooo 

jCOOOO© 


O § 0 0W 

gssa« 

o o o o ,• 
o o o oft 

>4 ^ Pi P.'O 

^ *3 43 

di ci q 3 d ^ 


U&BfetOtAtO 


OOOO OOOOO ooooo 
OOOO ooooo ooooo 
tNQqoO"^ 

dowad woomdb^ 

©kOcOOCO io©>o©© 


;'Stf «8 aa 
Q § © S 3 

7 ftpiDiP, 

hSBBB 

© 00 0© 


UlUIUlbOfaC 

«<« 


{j ^ S3 Ip © 

a a aao. 

SSsaa 

gg«B® 

<«d 

««aaa 

©O 43 43 43 

OO oS c 3 si 

*"© ' ^© ' ^ 
UbCUMU) 
■<1 •<■<•<-< 


ooooo ooooo OOOO 
ooooo OOOOO OOOO 
«ot>ooi>;ro eoT^eoN-o^ 
weodd'H r-TNdosd csorc4''+ 

lOtCOO© ©©©©© ©©©U3 


(D O O O O 

M H )U h ^ 

SPSS;? 

43 43434343 

iaiii 

P« A 0 i 0 i A 

gaaag 

43 43 43 ^43 


ooooo 

ooooo 

Pi Pi p Pi 


««< 


■ ^aS : 

. ;2-s • 

• • Wl'rt ' 
2 £ ® © 
sftflS : 

igji : 

0 0 d • 
O'O'SsJ? 

a a ® o d 

SS-S-gf 

aassl 

ssss.;’ 

Pt Pi 
43^ 

* d d d 


be wo o o 

<{<1000 


^ © O m d 

S'-S'l si 

>^ § i g 3 

: 03 d W 03 


ooooo 

0O0M30 

NOCM 

i-( 

g g ^ g g 

c8 flQ do n di 


ooooo OOOO 

ooooo OOOO 

00©©© ©000 

MWN « 

§ Ss 0 ^ 0 S3 

43 43 43 4343 43 43 

d d d d d d 


ooooo 
00©©0 
O C<»N 


OOOOO ooooo 

ooooo OOOOO 

ooooo ooooo 

000 


lllol 






©©©up© ©©©©© 


5S2§h 


H ■§ O 3^ gogoo 

S^-g H sssss 
dflfi 


000©© ©000 
OOOMIM 04000 
©©©'^a^'d* <«©©© 


ooooo 

ooooo 

©©©©© 


ooooo ooooo 
ooooo (NINOOO 
©©©©© ©©©©© 


ooooo 

ooooo 

©©©©© 


000 ® a 

c^No a „ 
©©© o © 


d 

5 CQCQOQWCQ 


HHHHH HHHH 

COCCOQMOQ OJQQOQCQ 


PfH El 

ggggg 

r-l ihWPQi-« 


'"II ©00 ©r^r"t^J^ 

-IMMO© WOiHiHPQ 


E-thHrHN 

pqpqpqHHp{( 


HP I® i 
S82:<h m 


Ol^OOOO »-lC4WT(f 



HENBY S. RAWDON 


229 


side of the pier, well above the high water line. The Bureau of Standards 
rack was located on the roof of one of the buildings and faced the south 
but, as shown in Fig. 5, was raised only slightly above the horizontal 
position. The test bars were held in place in the cypress exposure rack by 
a narrow strip of wood at each end of the bars together with an outer 
reinforcing strip of sheet aluminum, both of which were fastened to the 
rack by screws at intervals of a foot or so. In addition to these three 
sets of specimens, a fourth set was kept in the laboratory in sealed glass 
containers. Soda lime was used to maintain a dry atmosphere within 
the containers, the specimens being supported on end on a grid of galvan- 
ized wire mesh placed well above the soda lime. 

No change was made in the position of the specimens in any way 
during the exposure period. Necessarily, the exposure of the two sur- 
faces of the specimens was therefore not the same. In this respect, 
however, the exposure tests paralleled service conditions more closely 
than did the laboratory corrosion tests. 

In Table 2 are listed the different specimens used in the exposure 
tests together with their initial tensile properties, and the treatment 
given to each, such as modifications in heat treatment, cold working, 
coating process and the like. Each set of specimens, representative of 
. each of the different variables, consisted, in most cases, of 10 specimens. 
In a few cases, a smaller number was used. 

Results 

At successive intervals of several months, as shown in Fig. 7, one 
specimen from each set was removed for testing. The tensile properties 
of the exposed specimens were determined and an examination of the 
microstructuie made to determine whether or not intererystalline corro- 
sion had occurred. The appearance of the specimens shown in Fig. 6 
is typical of the results produced by exposure to the weather. In the 
Hampton Roads tests the surface change was somewhat less 
marked than was the case in the Coco Solo tests, and in 
the Bureau of Standards exposure specimens the change was 
very much less marked. It is quite evident from Fig. 6, without 
further discussion, that only in a qualitative sense can the surface appear- 
ance of the exposed bars be used as a measure of the effect of corrosion 
on the imderlying metal. 

The results of the tension tests of the exposed specimens, to date, are 
summarized graphically in Pig. 7. The initial properties, that is, those 
of the unoorroded materials, have been included throughout for all of the 
sets of specimens as a ‘^base line” for comparison. In those cases in 
which the evidence of the occurrence of intererystalline attack was 
indisputable, this feature has also been indicated. 
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Fig. 6. (Continukd). — Subfacb appuabance op bepbesentativb specimens pbom Coco Solo back afteb 43^ months’ bxposttbe. 
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coco SOLO 

SET 1 8 SET 19 SET 20 SET 21 SET 22 SET 23 SET 24 SET 25 
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236 CORRELilTION OF LABOKATORY CORROSION TESTS 



WEATHER EXPOSURE TESTS OF SHEET DURALUMIN 


Fig. 7. (Continued). — Summary of results of tests op specimens op same 

MATERIALS EXPOSED TO WEATHER IN THREE LOCATIONS AND OP ** CONTROL” SPECIMENS. 

Refer to Table 2 for treatment of material prior to exposure. 


Discussion 

The results of the exposure tests have definitely shown that sheet 
duralumin is not permanent under atmospheric exposure under all 
conditions. As a general rule, no noticeable or significant changes have 
been noted in the properties of duralumin when maintained under con- 
ditions such as render the chance of the occurrence of cortosion very 
remote. The conclusion that the impairment of the material which 
occurs is the result of corrosion is beheved to be fully warranted. Those 
cases in which deterioration of the inaterial under atmospheric exposure 
occurs, very closely parallel the corresponding cases in the laboratory 
corrosion tests. The variations noted in the intensity of the attack 
under atmospheric exposure according to climatic conditions are in good 
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marine atmospheric conditions is decidedly more effective in producing 
intercrystalline corrosion than exposure to inland atmospheres. Like- 
wise, other conditions being the same, a warm climate is more severe 
than a colder one. 

The susceptibility of sheet duralumin to corrosive attack by the 
intercrystalline method was found to be intimately related to the method 
employed in the heat treatment of the material, in both the exposure and 
accelerated corrosion tests. The agreement as to the character of the 
results in the two cases is exceptionally good (Fig. 7, sets 1 to 4 and 
7 to 8). Without question, the use of hot water or oil as a quenching 
medium for the heat treatment of sheet duralumin is not to be recom- 
mended for material which must withstand severe weather conditions, 
despite the fact that the tensile properties of duralumin do not differ 
noticeably according to the different quenching media used. It will also 
be noted from Fig. 7, that those materials which, after quenching, were 
aged at an elevated temperature, for example, sets 6 and 36, or which 
were heated somewhat after being allowed to age fully at room tempera- 
ture (set 17) are decidedly susceptible to intercrystalline corrosion. 
On the other hand, it should be noted that corrosion of the more familiar 
pitting type frequently occurred on materials which had been heat- 
treated by approved methods, the drop in the tensile properties, especially 
elongation, accompanying this type of corrosion being quite marked in 
some cases (for example, set 2). 

Of the different variables in heat treatment, the subsequent behavior 
of sheet dximlumin is affected most by the quenching rate and the aging 
treatment. The exp)osure-test results have shown no difference in 
corrosion resistance resulting from varying the heating period prior 
to quenching. The results for sets 4 and 5 (Fig. 7) show no difference in 
the corrosion behavior of duralumin sheet heated for 15 or for 60 min. at 
500° C. (920° F.) prior to quenching. 

If duralumin is quenched from a temperature somewhat below 
that at which the alloy constituents pass completely into the solid 
solution condition, the tensile properties are not so high as may be 
developed by using a higher quenching temperature. The corrosion 
resistance may also be less as shown by set 10 (Fig. 7). 

Cold working of fully heat-treated sheet duralumin did not render 
the material noticeably prone to intererystalline attack in the atmosphere 
(sets 12, 13 and 14). This was true regardless of whether the cold- 
worked condition was a local one, such as produced by stretching the 
central portion or reduced section 10 per cent., or a more uniform cold- 
worked condition produced by cold rolling the entire bar sufficiently to 
increase its length 10 per cent. However, in the case when the material 
was not properly heat-treated, cold working by stretching accentuated 
the embrittling intererystalline attack (set 16). 
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Variations in the composition of duralumin of the magnitude indicated 
in Table 2 are of minor importance so far as the resistance of the material 
to intercrystalline attack is concerned (sets 20 to 25), The ^Unitiar^ 
tensile properties of most of these alloys are considerably lower than 
those of the ordinary duralumin after heat treatment and are less suitable 
for this reason. Corrosion by pittii^, however, in some seemed to be 
accentuated, for example set 24 of relatively hi^ iron content seems to 
be prone to this form of attack. No essential difference has been found 
to exist in the sheet dtiralumin made by different manufacturers if heat- 
treated in the same manner (compare BT materials with the others in 
Fig. 7), although the composition often differs somewhat. Of the two 
alloys which differ markedly from the 'duralumin composition, the 
one containing copper, alloy 25S (set 26) has shown marked inter- 
crystalline attack, whereas in alloy 51S (set 27) which contains no copper, 
only traces of intercrystalline attack were found after prolonged exposure 
to severe weather conditions. 

The lack of permanence under exposure to the weather of most of the 
coatings used (sets 28 to 39, Fig. 7) is in good agreement with the indica- 
tions of the laboratory tests. The use of duralumin which had been 
heat-treated by quenching in hot water and, hence, quite susceptible to 
intercrystalline attack as a basis material for the application of the 
coatings has proved very satisfactory. An earlier series of exposure 
tests of a somewhat preliminary nature had shown the desirability of 
this, since if the duralumin sheet in its uncoated state has a high degree 
of resistance to corrosion, no conclusions concerning the real protective 
value of the coatings other than qualitative ones based upon visual 
inspection can be drawn. 

The conclusion, based on the laboratory results, that of the various 
coatings, a surface layer of aluminum is by far the most dependable has 
been borne out by the exposure tests on the aluminumclad sheet. As is 
shown by set 37 (Fig. 7), however, an aluminum-pigmented varnish 
may give excellent results under some conditions. That this is not 
always so, however, is shown by set 28 (Fig. 7). 

CJoatings consisting of a surface oxide film produced by the anodic 
process” (set 32) or cl<^ly related coatings formed by chemical means 
(set 30) are undependable. The application of grease to such coatings at 
the outset, without subsequent renewal of the grea^, has not materially 
increased the protection afforded by such coatings over the period covered 
by the tests (12 months). likewi^ the use of a grease coating applied 
by rubbing and which is then ‘‘bonded” by the application of aluminum 
powder, has not proved entirely dependable for the entire period during 
which the tests have been in progress. It is of interest to note, however, 
that for the relatively mild weather conditions obtaining in Washington 
and on the basis of which one might expect to draw nicer distinctions as to 
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the merits of the coatings, the clear varnish and the oxide types of 
coatings have proved noticeably inferior to all of the others used. 

In one important instance the weather-exposure tests have not 
corroborated the laboratory tests. A rubberlike coating (thermoprene) 
pigmented with aluminum powder gave excellent protection against 
corrosion to duralumin in rather severe conditions in the laboratory. 
The difference observed when exposed to the weather is most probably 
to be attributed to a deterioration of the matrix of the coating which 
occurs despite the aluminum pigment added to prevent this. (The 
results for this type of coating are not given in Fig. 7.) 

In one rather important respect, weather-exposure tests of the kind 
described in this report may not duplicate service conditions. Most 
aircraft parts, in service, are always in a more or less stressed condition. 
Service tests to show the effect of stress on the corrosion behavior of 
duralumin parts are practically impossible. Laboratory tests on this 
point, however, are in progress. In brief, the tests consist in showing 
to what extent the .tensile properties of sheet duralumin are affected by 
corrosion when the metal is under stress. Two general cases are being 
considered: (a) simple or static^' tension, and (6) repeated flexural 
stress, the corrosive attack being carried out in the same kind of solution 
and by the same wet-and-dry corrosion method (repeated immersions at 
15-min. intervals) as in the laboratory tests already carried out. The 
results of these “stress-corrosion” tests will form the basis of a later 
report. On the basis of the close parallelism which has already been 
found to exist between the results of the exposure tests and the laboratory 
corrosion tests of sheet duralumin, it is confidently expected that any 
pronoimced change in the resxilts of the laboratory tests resulting from 
the introduction of the variable of stress will be indicative of a corre- 
sponding behavior of the material under service conditions. 

Summary 

1. In a series of weather-exposure tests of sheet duralumin upon 
which accelerated corrosion tests in the laboratory by the wet-and-dry 
corrosion method in a sodium chloride solution had already been carried 
out, a close parallelism between the results of the two kinds of tests 
was found to exist. Predictions based upon the results of the laboratory 
tests were, with but few exceptions, fulfilled in the exposure tests. In 
cases of disagreement in such tests, the results of the exposure tests are 
always accepted. 

2. It has been shown by these tests that the lack of permanence or 
embrittlement of sheet duralumin which has been observed in some of this 
material in service under some conditions is largely, if not entirely, to be 
ascribed to corrosion. A corrosive attack of an intercrystalline nature is 



240 


CORRELATION OP LABORATORY CORROSION TESTS 


very largely responsible for the degree of embrittlement produced. In 
the exposure tests, as previously indicated by the laboratory tests, the 
rate of embrittlement was greatly accelerated by a marine atmosphere 
and by a tropical climate. 

3. The tests, both in the laboratory and in the field, were carried out 
upon full-size tension bars, the change in the tensile properties being 
used as a measure of the eJffect of corrosion. This method is, by far, the 
best in eases like the present in which the tensile properties of the 
material undergo material change without corresponding change in 
surface appearance. 

4. The exposure tests confirmed the laboratory tests in showing that 
variations in composition of duralumin which do not result in wide 
departure from the ordinary “duralumin composition” are of almost 
negligible importance so far as corrosion behavior is concerned. Of the 
high-strength aluminum alloys which differ materially in composition 
from duralumin, the alloy containing copper as the principal alloying 
element was most susceptible to intercrystalline attack. 

5. Variations in the heat-treatment procedure used for duralumin 
appear to be major factors in determining the susceptibility of the heat- 
treated sheet to intercrystalline corrosive attack during exposure to the 
weather and likewise in accelerated corrosion tests. The quenching 
rate, as determined by the use of cold or hot water or oil as quenching 
media, and the aging treatment (room-temperature aging vs. accelerated 
aging) are the most important factors in this respect. The use of hot 
water or oil as a quenching medium for sheet duralumin or an accelerated 
aging treatment is not to be recommended for duralumin which must 
withstand severe climatic conditions, such as marine and tropical service. 

6. Cold working of properly heat-treated sheet duralumin by stretch- 
ing or cold rolling does not affect very greatly the susceptibility of the 
material to embrittlement by intercrystalline attack when exposed to the 
weather. With improperly heat-treated duralumin this factor is of 
much more importance. 

7. The exposure tests have clearly shown that corrosion of the more 
familiar or pitting type may occur with duralumin. The effect upon the 
tensile properties although similar in character is, in most cases, decidedly 
less than that of the intercrystalline type. So far it has not been possible 
to correlate definitely the tendency of the alloy toward this form of 
corrosive attack with any condition of the material resulting from any 
particular heat treatment or other condition. 

8. The determination of the permanence of coatings on duralumin 
under corrosive conditions, both in the laboratory and when exposed to 
the weather, has been most successfully done by applying the coating to 
tension bars of duralumin which had been improperly heat-treated and 
were, hence, quite susceptible to attack. The relatively rapid attack of 
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the underlying or basis metal following the ''breakdown^' of the coating 
was shown in the tension tests of such specimens after exposure. 

9. In this way, it has been shown that aluminum coatings are, by far, 
the most dependable. The useful life of clear varnishes is very short, 
the addition of aluminum pigment” increases the permanence of the 
varnish very greatly. On the other hand, the addition of aluminum 
pigment to rubberlike coatings while decidedly successful in the labora- 
tory, under exposure conditions has not given satisfactory results. 
Surface oxidation by “anodic” process and similar coatings have no 
lasting protective value unless well greased, and even when greased they 
have not proved to be resistant against severe exposure conditions, 
although with milder exposure conditions fairly satisfactory results have 
been obtained. Simple grease coatings “reinforced” with aluminum 
powder have given satisfactory service under mild exposure conditions 
but not entirely so for severe (marine) conditions. 

10, Weather-exposure tests of the kind described here, while closely 
approximating service conditions, undoubtedly do not duplicate them. 
Tests are now in progress for the purpose of showing how the corrosion 
behavior of sheet duralumin may be affected by a stressed condition 
coincident with the corrosive attack. However, the difference in the 
rate of attack of the material exposed to the weather in Washington and 
of similar material exposed to marine atmospheric conditions is so clear 
and the lack of permanence of most of the coatings used so unmistakable 
that definite conclusions concerning the conditions which underlie the 
lack of permanence of duralumin and the protective measures which 
must be employed are believed to be fully warranted on the basis of the 
results of these exposure tests. 

DISCUSSION 

E. H. Dix, Jr., New Kensington, Pa. — ^This paper is most encouraging to those 
who are working on corrosion problems. The success of the correlation of laboratory 
tests with service exposure tests which Mr. Rawdon has achieved in this work may be 
attributed primarily to the method used in evaluating the effect of corrosion; t. e., the 
change in the tensHe properties, and the very thorough knowledge of the whole prob- 
lem which has been displayed by Mr. Rawdon. 

If there is any criticism that can be applied to this particular group of tests, it is 
that one specimen only has been tested for each period and location. There are 
sufficient periods and locations so that this will not interfere with the general con- 
clusion, but it may make some individual r^ults difficult to explain; that is, there is 
generally a variation in results of tests on individual specimens, so that in studying 
these charts it will, perhaps, be well not to pay too much attention to small variations 
shown from one period to another. For example, at times there is an increase in 
tensile strength and elongation after a few months' exposure. 

We have been working on this problem for some years. Our general mode of 
attack has been very HimiTflj to that described by Mr. Rawdon. Within the last 
month we have received our own outdoor exposure results for an exposure period of 
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one year, and have been greatly encouraged by the close check between the service 
exposure and the earlier laborator^^ tests. 

In the laboratory tests we have used both the alternate immersion test described 
by Mr. Rawdon, in which salt water with the addition of a small amount of hydrogen 
peroxide is used as the corrosion medium, and the salt-spray test. This alternate 
immersion test is very quick; the salt-spray test is slower. For instance, 48 hr. in 
the alternate immersion test gives about the same loss in properties as would be 
obtained in about three or four months in the salt-spray test. 

We had previously found that the alternate immersion tests were checked very 
closely by the salt-spray tests, and now we are finding that the service tests are check- 
ing these accelerated corrosion tests, which is very gratifying, particularly after we 
have heard so much against the use of salt-spray tests. 

We who are working with aluminum alloys are particularly fortunate in being 
able to use the salt-spray test, because it represents perhaps the most severe atmos- 
pheric condition to which the aluminum alloys are subjected in service. 

In the first part of his paper, Mr. Rawdon states that the presence of copper is the 
chief cause of the intergranular corrosion. I feel that we should take exception to 
this and state the question more broadly. I think Mr. Rawdon will agree that we 
can say that the intergranular corrosion of the strong aluminum alloys is associated 
with any form of alloy and heat treatment which causes a precipitation, and as you 
know this is a submicroscopic precipitation. 

It does happen that one alloy containing principally copper is more severely 
attacked in this manner than the straight duralumin. On the other hand, if a small 
amount of silicon is added to duralumin and artificial aging is applied, that is, aging 
at elevated temperatures, the corrosion is still more marked. As a further illustration : 
last year we heard, from Dr. Guertler, of an aluminum alloy containing the compound 
MgZns and we now know that this alloy is very susceptible to intergranular attack, 
although it contains no copper. 

I am interested in conclusion 3, which states that cold working of sheet duralumin 
has practically no effect on its corrosion resistance. I think we can go a little further 
in some cases. We have found that a certain amount of cold rolling after heat treat- 
ment has a tendency to increase the corrosion resistance. I think this may be 
accounted for by the breaking down of the surface grains, thus destroying the crystal- 
line boundaries which act as path-ways for the corrosion to follow. 

In general we agree with Mr. Rawdon that oxidised coatings alone have little 
protection effect, but our own tests have shown that as a basis for paint they are good. 
Whether they are good because they are porous, and so allow the paint to adhere, or 
whether their benefit comes from corrosion protection afforded the surface of the 
aluminum, so that when moisture penetrates the paint film there is no incipient 
corrosion to blister the paint, we do not know. 

We confirm the fact that the anodic process is not a protection unless the grease 
is frequently applied. We have had tests exposed on the roof of our building at New 
Kensington for only three months where the anodic coating with grease has been 
foimd to be without an appreciable protective effect. 

In conclusion 11, Mr. Rawdon says: “Metallic aluminum coatings produced 
either by the metal-spraying process or by rolling a duplex slab having duralumin 
core and aluminum surface into sheet form, thereby producing a coating which forms 
an integral part of the finished sheet, have given most excellent results. Protection of 
the “cut” edges of aluminum-coated duralumin sheets appears not to be necessary 
if the sheet has been properly heat-treated,” 

This protection applies not only -fco the “cut” edges, but to the much larger areas. 

I think there is no doubt now that this is an electrolytic protection. The solution 
potential of the high-purity aluminum is enough greater than that of the alloy, which 
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contains 94 per cent, aluminum, to make this electrolytic protection effective. It not 
only absolutely protects the sheared edges, but it also protects normal duralumin 
rivets used in this sheet. 

We have removed the surface over an area 1 in. dia. and found the protection 
absolute. However, there is abundant evidence of electrolytic action, because sur- 
rounding these areas the pure aluminum has been dissolved to a marked extent. In 
the commercial product produced under the name of Alclad sheet there is a diffusion 
zone between the strong aUoy and the pure metal, and so evidently there are three 
solution potentials to be considered: that of the pure metal, of the diffusion zone, and 
of the alloy. Consequently pitting extends only to the diffusion zone. Then the 
diffusion zone is protected by the surrounding pure aluminum. This effect is of 
interest in studying the specimens visually because such solutbn of the coating pre- 
sents a bad. appearance even though the strength and ductility have not been affected. 
I agree with Mr. Rawdon that visual inspection and also the loss in weight means 
little in connection with the study of aluminum alloys. 

The effect of the higher solution potential of the pure aluminum leads us to believe 
that the mechanism of intergranular corrosion is associated with the difference 
between the solution potential of the relatively high-purity metal at the grain bound- 
aries and that of the matrix of the grains containing the submicroscopic precipitate. 
I am afraid the time is too short to go into that. 

I want to add just one thing, and that is that we are here studying corrosion of 
sheet. Corrosion of thin sheet is important, but do not let us attempt to carry these 
results into the heavier sections where the effect of corrosion is relatively much less 

H. S. Rawdon, — It is gratifying to know that the work of Mr. Dix is confirming 
our work, and that the two are going along so nicely together. I like to think of these 
tests as “pilot tests,” as Dr. Gillett usually calls them. 'We do not claim that any 
test of only one specimen begins to tell the whole story; such a test, however, usually 
serves to point the direction along which we should proceed, and I .hink that “pilot 
test” is a very good name to apply to such tests. 



Inhibition of Corrosion of Almninmn by Soaps 

By H. V. CHUECHiiiii,* New Kensington, Pa. 

(New York Meeiisf, February, 1929) 

There are two distinct methods of combating corrosive conditions. 
The first and most popular method is to choose a surface or material 
which will give adequate service under the specific and general conditions 
which are present. The second is a control or modification of the corro- 
sive conditions to the end that metals and materials which would be 
attacked and corroded without such control or modification may be used. 

Under the first method of attack of the corrosion problem may be 
grouped such devices as the selection of metals or alloys which offer 
great resistance or the use of protective coatings such as paints, lacquers 
or metallic coatings. Such procedures are exceedingly useful. It is 
imdoubtedly true that most of the problems of corrosion will be solved by 
recourse to this first method of attack. 

However, it must be remembered that there are many conditions in 
which metals are used where the choice of the particular metal to be used 
must depend upon other factors than corrosion behavior. Some of the 
factors which may govern the selection of metals for specific use are the 
physical and mechanical properties of the metals. But there is another 
factor which is of prime importance and that is relative price. 

It is the pressure of these factors of mechanical properties, physical 
characteristics, and relative price that has acted as the stimulus for the 
se(5ond method of combating corrosion. The producer and user of various 
metals is confronted with the fact that because of mechanical properties, 
physical characteristics, or price, the use of a particular metal is desirable 
even though the corrosion conditions are adverse to the use of the metal. 
In many cases, the successful use of the metal may be made even though 
it is impossible to protect the metal by coatings. This is rendered 
possible by control or modification of the corrosive media. 

Use of Sodium Silicate to Prevent Attack by Alkali Solutions 

This idea of controlling or modifying corrosive media is well illustrated 
by some recent experiences with aluminum. For a number of years 
collapsible tubes have been made of aluminum. Due to the ease with 
which aluminum is attacked by even mild alkalies, the use of such tubes 

* Research Bureau, Aluminum Co. of America. 
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has been confined to the packing of neutral materials. Since the alka- 
linity of most materials packed in collapsible tubes is due to the hydrolysis 
of the soaps used and is small in amount, it was thought that the problem 
might be solved. The behavior in aluminum tubes of such materials 
as shaving creams which are mild soaps is quite interesting. When 
most shaving creams are packed in aluminum the first evidence of action 
is a swelling of the tube resulting from the pressure of th^ hydrogen 
evolved incident to attack on the aluminum tube by the alkali in the 
soap or cream. Soon the tube wall is penetrated and under interior 
pressure the tube contents exude through the holes thus produced. 
Examination of the interior of the tube shows general etching over 
the surface. 

It has been known for some time that suitable proportions of sodium 
silicate added to sodium carbonate solutions would prevent attack on 
aluminum immersed in such solutions.^ This is readily demonstrated by 
immersing a piece of aluminum in a boiling solution of sodium carbonate 
(150 g. NaaCOs per 1.) ; hydrogen is copiously evolved. If to this solution, 
sodium silicate be added drop by drop, the visible evolution of hydrogen 
wiU stop and further attack on the aluminum will be prevented. 

Contrary to the opinion of some authorities, it has been our experience 
that sodium silicate has but little effect on the attack on aluminum by 
such materials as sodium or potassium hydroxide except in rather low 
concentrations of hydroxide. It appeared that the inhibition of attack 
by sodium carbonate was to some extent due to the presence of the car- 
bonate ion. The inhibitive action of sodium silicate on other readily 
hydrolyzed materials which attack aluminum, such as sodium borate and 
sodium phosphate, was tested. Inhibition was produced in all cases. 

Different proportions of sodium silicate were then thoroughly mixed 
with various shaving creams. The resultant products were packed in 
aluminum tubes and held for 30 days before examination. Control 
tubes of the creams without the silicate were run in parallel with all 
tests- Examination of the tubes revealed that inhibition had been 
effected in practically all cases where silicate was used. 

Later it was determined that effective inhibition could be effected by 
adding to a shaving cream 0.20 per cent, by weight of sodium silicate 
solution. Creams which without silicate seriously etched and penetrated 
the tubes, showed absolutely no. attack when sodium silicate was incor- 
porated to the extent of 0.20 per cent. 

Mechanism oe Inhibition Phenomena 

This experience with soaps, coupled with somewhat similar experience 
witii carbonates, borates and phosphates, and very dilute hydroxide 

* R. Seligman: Milk and Metals. Prec Woiid’s Dairy Cbsgress (1928) % 1202. 
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solutions raises the interesting question of the mechanism of the inhibition 
phenomenon. It seems that two theories may be advanced to explain 
the action- One theory holds that there is deposited on the surface 
of the metal a thin film of silica or silicate which mechanically prevents 
the corrosive alkaline materials from actually coming into contact with 
the metal. Corollary to the theory as thus expressed is the idea that this 
thin film is an impervious mixture of silica and hydrated aluminum 
oxide. There is no actual visible evidence that any film actually is 
present on the aluminum. However, it is true that better and more 
effective inhibition is secured when silicates of higher silica to soda ratios 
are used thus making more silica available for film forming. There is 
yet other evidence available that the aluminum may be protected from 
alkali produced by hydrolysis by means of films. The corrosion of 
aluminum by such materials as sodium carbonate, sodium phosphate and 
soaps may be greatly reduced and in many cases absolutely prevented by 
means of small additions of potassium dichromate to the corroding media. 
For example, if to most shaving creams you add potassium dichromate in 
the proportions of 4 mg. dichromate to 20 g. cream the resultant material 
will not corrode aluminum. It is difficult to predicate this protection 
on any other basis than the formation or maintenance of a protective 
film. In passing it may be said that dichromate also adequately protects 
aluminum against corrosion by many industrial and saline waters.^ 

The other theory which has been advanced to explain how the silicate 
functions in protecting aluminum from attack by alkalis produced by 
hydrolysis is somewhat vague. Nevertheless, it presents some points of 
interest. The theory is that the silica in sodium silicate and hence the 
silica in soaps to which sodium silicate has been added is present in 
‘colloidal form. Being in colloidal form it possesses certain characteristics 
that enable it to combine with or hold to the alkali produced by hydrolysis 
in such a way that it is not available for reaction with the aluminum. 
Since as noted above, an increase in the ratio of silica to soda in the 
silicate added results in more effective inhibition, it may be that more 
effective inhibition is due not to the fact that more silica is available for 
film-forming purp>oses but that more silica is available to hold inactive 
the alkali produced by hydrolysis. Another bit of information that may 
have some bearing on the matter is the fact, which is known to ihany soap 
chemists, that the addition of sodium silicate to soap of definite hydrogen 
ion concentration lowers the pH, that is, brings it nearer to the 
neutral point. 

In the absence of sufficient informaMon, we cannot definitely establish 
the correctness of either theory and rest on the empirical fact that effec- 


Seligman and P. Williams: The Actian on Aluminum of Hard Industrial 
Wat^. JnL Inst, of Metals (1020) 2^ 171. 
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tive inhibition of corrosion of aluminum by soft soaps may be effected by 
adding sodium silicate to the soap. 

The delicate balance that exists between conditions that cause and 
promote corrosion and those in which there is no corrosion is iDustrated 
by the work recited in this paper. To cope successfully with corrosion no 
weapons must or can be spared. There is some remedy for all corrosion; 
sometimes it lies in the proper choice of material, sometimes in adequate 
coating and sometimes in control or modification of media. 

DISCUSSION 

F. N. Speller, Pittsburgh, Pa. — Sodium silicate is quite commonly used, not only 
for the prevention of corrosion of iron but also for the protection of lead. 



Resistance of Iron-nickel-chromium Alloys to Corrosion by 

Acids 

By Norman B. Pilling* and Donald E. Ackerman,* Bayonne, N. J. 

(New York Meeting, February, 1929) 

Stomart 

The solubilities of a series of experimental alloys covering the range 
0 to 100 per cent. Ni, 0 to 30 per cent. Cr have been studied under 
conditions of complete submersion in several fully aerated acid solu- 
tions, and in solutions containing sulfurous acid. In nonoxidizing, 
hydrogen-discharging acids, if the nickel content is below a certain 
critical amount, chromium increa^s the rate of solution and nickel 
decreases this rate; this critical content of nickel is about 13 per cent. 
Alloys containing more than this corrode at a constant minimum rate 
independent of iron, nickel or chromium contents. Austenitic chrome- 
nickel steels may thus have a resistance to these acids equal to that of 
nickel-chromium alloys. In nitric acid and in unaerated sulfurous acid 
rather sharp, limits of attack occur which are principally dependent on 
chromium content. In the former the limit of attack is not related to 
a particular chromium content but varies continuously with acid con- 
centration. The action of sulfurous acid on these alloys is highly 
dependent on the presence of small amounts of other substances in 
solution, and many sulfurous acid mixtures rapidly attack alloys to 
which the pure acid is wholly inert. 

The observed effects are not compatible with Tammann’s theory 
relating corrosion resistance to lattice structure but are believed to be 
concordant with current views of the electrochemical nature of corrosion. 

Introduction 

The discovery, development and engineering application of iron 
alloys resistant to corrosion may weU claim a place among the important 
developments in metallu]^ of the past two decades. The varied 
demands of industry coupled with the skill of the metallurgist have 
resulted in the production of an extensive group of steels and alloys 
ranging from the now familiar “stainless” chromium steels of the kitchen 
to special alloys of great chemical complexity for particular, exacting 
needs. Any adequate description of the important properties of these — 
physical, chemical and economic — ^would be a formidable undertaking. 

* Eesearch Laboratory, The International Nickel Co., Inc. 
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Systematically, if not historically, these alloys have as their foundation 
the ternary iron-nickel-chromium series, and the intention of the present 
paper is to discuss a few of the corrosion-resisting properties, under 
simplified conditions, of a portion of this group of alloys. Its sub- 
ject matter, therefore, is a small and special portion of a large and 
important problem. 

This field has received the attention of many previous investigators, 
whose results have not been entirely concordant. Much of this earlier 
work preceded the renewed activity regarding the mechanism of cor- 
rosion processes which, in the hands of McKay and others^ during the 
past eight years, has shown that corrosion is with great probability 
essentially electrochemical in nature and hence conditions in the external 
environment are quite as important in determining rates of corrosion 
as those relating solely to the metal. The present tests were not designed 
to demonstrate these variables but to display the extent to which the 
corrosion resistance of the iron-nickel-chromium alloys is related to their 
composition. The tests have been conducted for the most part following 
a standardized technique, later described in detail, in which careful 
attention has been given to the control of temperature, agitation and 
aeration, and sufficient bulk of solution provided to minimize depletion 
effects during the progress of a test. 

Some difficulty in the interpretation of data is due to the fact that 
observed corrosion rates may change continuously in the ratio of nearly 
one million to one, and the plotting of such data involving changes of 
magnitude of this order may lead to faulty conclusions if a uniform 
scale of corrosion rates is used. For example, if the corrosion rates of 
chromium steels in dilute nitric acid are plotted to such a uniform, 
arithmetic scale, it is entirely possible to reach the false conclusion that 
the rate becomes zero at about 12 per cent, chromium content; if the 
corrosion scale is logarithmic, all ranges of magnitude receive equal 
emphasis and it becomes apparent that the corrosion rate, although 
small, still changes continuously even at chromium contents higher 
than 12 per cent. Logarithmic plotting has therefore been used in 
representing the present data. 

The passivity of iron produced by exposure to strong nitric acid is 
very familiar; Hatfield® was perhaps the first to show that chromium 
steels may acquire a degree of passivity by exposure to nitric acid suffi- 
ciently persistent to diminish greatly, if only temporarily, their solubility 

J. McKay: Corrosion by Electrolyte Coneenfeatioii Cells. Trans. Am. 
Electrochem. Soc. (1922) 41, 201; The Common Occurrence of Corrosion by Elec- 
laolyte Concentration Cells. Ind. <k Eng. Chem. (1925), 17, 23. 

U. R. Evans: Corroaon of Metals. 2d EcL London, 1926. E. Arnold & Co. 

* W. H. Hatfield : Corrosion as Affecting the Metals Used in &e Mechanical Arts. 
Engineer (1922) 234, 639. 
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in dilute sulfuric acid. We can confirm this not only for chromium 
steels but for many iron-nickel-chromium alloys, and have found that 
such passivity can also be induced even in sulfuric acid solutions by 
anodic discharge and removed by cathodic discharge. The greatest care 
is necessary at times in order to avoid bringing such alloys inadvertently, 
prior to test, into a passive condition which is often stubbornly persistent 
in many dilute acids. 


Experimental Alloys 

The alloys upon which the present tests were made comprised about 
90 experimental melts covering, in varying degrees of density, the por- 
tion of the ternary diagram containing 30 per cent, chromium or less. 
This included: 


1. A series of low-carbon chromium steels ranging from 0 to 32 
per cent. Cr. 



Mi, per cerrh. 

Fig. 1. — Index to experimental alloys. 

2. Low-carbon nickel steels, ranging from 0 to 100 per cent. Ni. 

3. Nickel-chromium alloys, 0 to 20 per cent. Cr. 

4. Four groups of marginally austenitic nickel-chromium steels 
containing about 5, 10, 16 and 20 per cent. Cr, with nickel increasing in 
small increments from a concentration lying within the martensitic 
range to about 15 per cent, beyond it. 

6. A number of iron-nickel-chromium alloys covering the range 10 
to 20 per cent. Cr, 0 to 60 per cent. Fe. 

An index to these is provided in Fig. 1. 

All of these melts were made in an Ajax high-frequency furnace in 
magnesia-lined clay-graphite crucibles without slags or other protective 
coverings. The 4.5 kg. fusion was made of clean, electrolytic nickel 
(0.3 per cent. Co, < 0.1 per cent, other impurities), Armco iron and 
aluminothermicaUy reduced low-carbon ferrochromium or chromium 
metaJ. No attempt was made to keep these alloys extremely pure, but 
on the contrary small additions of silicon (0.1 per cent.) and manganese 


NORMAN B. PIIiUNG AND DONALD E. ACKERMAN 


251 


(0.3 to 0.6 per cent.) were made to insure soundness and malleability. 
We have generally found that the presence of these elements in the 
small quantities noted have far less effect on corrosion-resisting qualities 
than apparently minor changes in external test conditions. 

These melts were cast into ingots 234 square, cropped, reduced 
about 80 per cent, in section by forging and annealed 30 min. at 1000® 
C., followed by furnace cooling. From these annealed forgings the 
corrosion test specimens in the form of disks were machined. Unless 
otherwise noted it may be assumed that this constituted the conditioning 
treatment of the alloys. 

The iron-nickel-chromium alloys have some structural complexities, 
but for the present purpose it is sufficient to consider the portion of the 
series that contains less than 30 per cent. Cr as consisting, at room 
temperature, of three principal structural categories; viz., I, pearlitic 
or ferritic, II, martensitic and III, austenitic “steels.'^ The approximate 
limits of these fields in iron-nickel-chromium alloys of about 0.10 per 
cent. C content is indicated by curv^ in Fig. 1; the median line through 
the martensitic field marks where the y lattice first appears, and the 
subfield marked II6 thus denotes that group of martensitic alloys in 
which both the a and the y lattice solid solutions occur. In the present 
paper the adjective austenitic” is used loosely to refer to any y lattice 
or nickel-like structure, whether of high iron content or not. As will 
become evident later, the acid solubilities of these alloys pay little 
attention to these structuial distinctions, fundamental though they may 
be. Bain^ has traced the approximate constitutional aspects of a portion 
of the series and has shown the existence of a low nickel-content phase 
(his B constituent) in high chromium-content alloys, which may be 
present in alloys containing more than 25 per cent. Cr with nickel 
greater than 5 per cent. 

Technique op Corrosion Testing 

The importance of the control of environmental factors has been 
briefly noted in an early paragraph. The art of corrosion testing is 
greatly indebted to the investigations of Thompson and McKay^ who 
first demonstrated adequately the necessity for control of movement, 
aeration, etc., and devised a practical technique of testing embodying 
these essential factors. Their pioneer work has suppli^ that necessary 
degree of control which has made dose reprodudbility pebble, and this 
is, of course, an essential requirement to any study like the present one. 


*E. C. Bain and W. B. Griffiths: introduction to the Iion-chrommm-nickel 
Allays. IZVona. (1927) 76, 166. 

* J. F. Thompson R, J. McKay: Control of Motion and Aeration in Corrotion 
Tests. Ind. & Eng. Chem, il92S) 114, 
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With the exception of tests in sulfurous acid, and other instances 
specifically noted, the solubility tests were made in air-saturated, agitated 
solutions, the test piece wholly submerged and moving in a circular path 
in a vertical plane. The apparatus and set-up to accomplish this was 
of the Thompson-McKay type as further refined by Fraser, Ackerman 
and Sands, and reference is suggested to their paper® for its description 
in detaal. The principal difference consisted in a modification of the 
aerating device, in which a glass chimney was substituted for a funnel, 
permitting more efl&cient aeration and agitation. The test conditions 
may be summarized: 

Test specimen — Machined disk from forging, flat face normal to 
fiber of forging. 

Size of specimen — About 1 in. dia. hy Me iii- thick. 

Surface finish — No. 180 emery. 

Mode of support — Glass stirrups. 

Rate of motion — 15.5 ft. per min. 

Corroding solution : Concentration — 5 per cent, by weight of reactant 
(also 35 per cent. HNO 3 ). 

Temperature — ^30° C., thermostatically controlled. ‘ 

Aeration — Saturated, with modified McKay aerator. 

Volume — 2 liters (1 specimen per cell). 

Duration of Test — Usually 1, 3 or 20 hr. 

After surfacing the specimens were washed with alcohol-ether and dried 
in a desiccator before weighing. At the conclusion of a test they were 
brushed to remove corrosion product, washed in water, dried, rinsed in 
alcohol-ether, dried in a desiccator and weighed. 

Owing to the enormous differences in rate of solution encountered, 
it was not feasible to establish a fixed duration of test. This varied 
from 1 to 20 hr. depending on circumstances; except when hydrogen was 
discharged liberally, the duration of the test period had but a slight effect 
on the rate of corrosion measured. The results of corrosion are expressed 
as the weight loss in milligrams per square decimeter per day (abbrevi- 
ated as Mdd.). This unit has the advantage of being of such size that 
minute decimals wdth many obscuring ciphers are avoided. For con- 
venience, its equivalent in more homely units for alloys having a density 
of 8 to 9 is 1000 Mdd. = 0.17 in, pentration per year. 

With the exception of steels of low nickel content, highly soluble in 
non oxidizing acids, the conditions of corrosion led to quite uniform attack 
without pitting. Check results within 10 per cent, of observed rates 
were generally expected and found. 


® 0. B. J. Fraser, D. E. Ackerman and J. W. Sands: Controllable Variables in the 
Quantitative Study of the Submerged Corrosion of Metals. Ind. & Eng. Chem 
( 1927 ) 19 , 332 . 
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Nitric Acid 

Nitric acid is highly oxidizing and this property extends to its dilute 
solutions. Iron is rendered passive and insoluble by contact with this 
acid in concentrated form and chromium intensifies this propensity, in 
the sense that with high chromium contents passivity is attained with 
more dilute nitric acid concentrations. This valuable property of 
chromium steels and of iron-nickel-chromium alloys has been extensively 
exploited both in the manufacture and in the transport of nitric acid. 
Although under some conditions both chromium steels and the chromium 
alloys show almost complete resistance, this property does not hold for 
all conditions of temperature, concentration or the presence of other 
compounds in solution; dilute solutions such as 5 per cent, by weight, 
may corrode even alloys of high chromium content at surprisingly rapid 
rates. We have found that it is entirely possible for these alloys to exist 
and persist in either a passive or an active condition in dilute nitric acid. 
Among other conditions, the tendency toward passivity is greatly dimin- 
ished if chlorides to the extent of 0.01 to 0.03 per cent, are present in 
the nitric acid solution. 

Monypenny® has shown that the solubility of chromium steels in 
dilute nitric acid diminishes with time and ultimately reversion to com- 
plete passivity may occur spontaneously following solution at a high 
rate. He does not seem, however, to have shown that this is not a 
‘'depletion’^ effect characteristic only of his test method, as the powerful 
anodic polarization induced by the accumulation of iron salts in dilute 
nitric acid is well established,^ A few tests of our own made in two liters 
of test solution, during the course of which the maximum metal accumula- 
tion amounted only to 0.05 per cent., gave no indication of such change 
in rate. 

The data on solubility of the annealed alloys in 5 per cent, nitric acid 
are shown in Fig. 2. It is evident from this that dilute nitric acid solu- 
bility of the annealed aUoys is almost entirely a function of their chro- 
mium contents, nickel having little effect. This figure shows eight series 
of alloys at eight different levels of iron content, from 0 to 100 per cent. 
The range of solubilities covered by chromium contents 0 to 30 per cent, 
is enormous, from 100 to nearly 500,000 milligrams per square decimeter 
per day. 

The first 5 per cent, of chromium added to iron diminishes the nitric 
add soluHlity rather slowly, but within the range 5 to 20 per cent. Gr, 
the solution rate drops rapidly, beyond this more slowly. It will be 


* J. G. H. Monypenny: Stainless Iron Steel, 200. London, 1920. Chapman 
^ EUlU, Ltd. 

J. G. H. Monypeniy : Op. cU^ 207. 
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noted that the logarithmic corrosion-rate scale shows that the action of 
chromium is continuous throughout this range and that no abrupt limit 
of attack occurs, such as will be shown later for several different acids. 

The presence of nickel up to 30 or 35 per cent, increases perceptibly 
the solubility of steels containing more than 15 per cent. Gr. Beyond 
35 per cent., nickel begins to diminish the solubility in dilute nitric acid 
in the absence of chromium and this has its effect on the ternary alloys 

MU 



Fig. 2. — Cohrosion rates of ibon-nickel-chromixjm allots in 5 per cent, nitric 

ach). 


in that for chromium contents under 10 or 12 per cent., and iron contents 
between 70 and 40 per cent., the solubility for a given chromium content 
is lowered by replacing iron with nickel. This relation changes somewhat 
at lower iron contents and from 30 per cent, downwards the solubility 
of the lower chromium alloys is practically determined by the iron con- 
tent. This holds only until a chromium content equivalent in solution 
rate to the particular iron content is reached, when higher chromium 
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contents depress the solubility almost identically with the chro- 
mium steels. 

These relations, which seem involved when described, are quite clearly 
shown in Fig. 2. 

With the exception of the chromium steels of Fig. 3 the data on 35 
per cent, nitric acid have not been plotted. An inspection of the tabular 


m 



data in Table 6 shows that practically complete passivity is reached 
at above 5 per cent. Cr content. 

TTie effect of nitric acid concentration on the chromium content of 
iron-chromium alloys at which passivity is induced is shown in Fig. 4. 
In these tests a weight loss of 5 mg. per sq. dm. or less in a l-hr. test was 
taken as an arMtrary criterion of passivity. The relation between 
chromium content and nitric acid content is a continuous one, with no 
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indication that particular chromium contents have any special signi- 
ficance. The previously noted effect that nickel contents less than 30 
per cent, increase the solubility in dilute nitric acid has its analog here, 
and an alloy containing 15.01 per cent. Cr, 13.01 per cent. Ni required a 
considerably higher acid concentration to acquire passivity than the 
chromium steel of equal chromium content. 



4. — ^Effect of chromium content on passivity of chromium steels in nitric 

ACID. 

Htdrooen-dischaeging Acids 

In this classification are included the nonoxidizing mineral acids and 
a great many organic acids^ 

Iron dissolves at a moderate rate in dilute sulfuric acid with the 
evolution of hydrogen, and the presence of chromium increases the solu- 
tion rate greatly. This fact has long been know’n and is of historical 
interest as bearing the responsibility for a generation's delay in the recog- 
nition of the unique and valuable properties of high-chromium steels.® 

As might be expected from the nature of the attack, increasing the 
concentration of sulfuric acid increases the solubility of the chromium 
steels (see Table 1). 

®Il. A. Hadfield: Alloys of Iron and Chromium. Jnl. Iron and Steel Inst 11-48 
(1892). 
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Table 1 . — Steel Containing 12.98 Per Cent. Chromium, 0.12 Per Cent. 

Carbon 

20 Hr. at 30° C. 


H 4 SO 4 , Per Cent. 

Mdd. 

10.9 

12,000 

17.7 i 

30,000 

26.9 

40,300 


It was found that the high-chromium steels, discharging hydrogen in 
gaseous form from solution, do not dissolve at fixed rates, but tend to 
increase in rate with time, to an extent which may treble the initially 
observed rate. This effect is of some importance in making comparisons 
between aUoys differing in composition and in behavior; a t 3 rpical example, 
which could be repeated for many other steels and acids, follows: 


Table 2 . — Steel Containing 24.1 Per Cent. Chromium, 1.2 Per Cent. 
Nickel, 0.21 Per Cent. Carbon 
5 Per Cent. HQ, 30° C. 


Time, 

Hr. 

Mdd. 

1 

14,100 

2 

7,700 

3 

15,300 

7 

48,000 

41 

57,600 


This acceleration in corrosion rate is accompanied by a marked roughen- 
ing of the surface and it is believed that this, by lowering the hydrogen 
overvoltage, may be a responsible factor. 

A r4sum6 of the solubilities of annealed chromium steels containing 
0 to 33 per cent. Cr is shown in Fig. 3. It is a curious fact that the 
increase in solubility with chromium content is by no means regular, 
but reaches a maximum at about 16 per cent. Gr. This is followed by 
a substantial decrease to a minimum at about 20 per cent. Cr, beyond 
which it again rises and is still increasing at the highest chromium con- 
tent reached. In view of the variability of corrosion rate with time, this 
might be ascribed to accidental variations in control, but the several 
circumstances that these maxima and minima occur at the same chro- 
mium contents in both sulfuric and hydrochloric acids and are indicated 
equally well whether the high rates for a 20-hr. test period or the low rates 
for a 3-hr. test period are considered, leads us to consider this effect a 
real one. It is not of much pracrical significance, as the lowest rates in 
the region of the minimum at 20 per cent. Cr, of the order of 6000 Mdd, 
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are very rapid (about 25 times as fast as monel metal under the same 
test conditions). 

It is convenient to consider the nickel-bearing alloys as divided into 
groups of approximately constant chromium contents. Five series are 
thus shown in Fig. 5, four of which contain nickel varying from 0 to 3 0 
per cent. 

m 



Fig. 5 . — CoBROSION rates of IRON-NIC3KEn-CHROmUM ALLOYS IN 5 PER CENT. SUL- 
FURIC ACID. 

Svlfuric Acid , — The effect of the first small additions of nickel to 
chromium steels depends somewhat on what the chromium content is. 
In the entire absence of chromium, the solubility of iron is reduced mildly 
by nickel. Steels with 10 or 15 per cent. Cr suffer an immediate diminu- 
tion in solubility, 2 per cent. Ni about halving the corrosion rate. When 
chromium is around 20 per cent., corresponding to the minimum solu- 
bility in Fig. 3, the first addition of nickel brings about a rapid rise in 
solubility, and with more than 2 per cent. Ni these 20 per cent. Cr steels 
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aU have sulfuric acid solubilities greater than those of lower chromium 
content. Expressed a little differently, the minimum solubility of the 
18 to 22 per cent. Cr steels is rapidly wiped out by the addition of nickel 
and leads to no advantage in the nickel-chromium steels. 

Increasing contents of nickel up to about 12 per cent, continue to 
diminish the solubility for all three chromium contents but this action 
suddenly ceases at about this nickel content, resulting in the rather 
remarkable condition that irrespective of chromium content, the maxi- 
mum reduction in sulfuric acid solubility is completed with 12 to 15 
per cent. Ni, at which nickel content the corrosion rate is depressed to 


Mm 



Fig. 6. — Corrosion rates of ieon-nickbii-cheomium alloys in 5 per cent. sm> 

FUEIC ACID. 

a common level of 700 to 900 Mdd. This common corrosion rate is the 
same for all chromium contents between 0 and ^ per cent. However, 
if the chromium content .is raised much above 20 per cent., in steels 
containing about 15 per cent, Ni, the alloy dissolves with evolution of 
hydrogen and shows a high corrosion rate; this rate is still much lower 
than that of the corresponding simple chromium steel. As an example, 
a steel containiiig 29.0 per cent. Cr, 15.2 per cent. Ni had a corrosion 
rate about 10 tin3tee greater than that observed with steels of lower 
chromium content but of the same nidcel content. This behavior is 
thought to be due to the pres^Eiee of Bain’s B constituent in alloys of 
this type. 
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A broader view of this relation may be had in Fig. 6 in which the 
entire range of nickel contents is covered. The common level of corrosion 
rates occurring beyond the critical nickel content of 13 per cent, is 
maintained throughout; that is, no advantage results from increasing 
the nickel content far beyond the critical value. 

HydrocMoric Acid. — In many respects hydrochloric acid and sulfuric 
acid are similar in their action upon the nickel-chromium steels (Figs. 7 
and 8). Again, the addition of a little nickel to the 20 per cent. Cr 
steel increases its solubility greatly and further additions diminish the 
solution rate. The high solubility of the chromium steels (5000 to 

ACU. 



Fig. 7. — Cobeosion bates of ibon-nickel-chbomium alloys in 5 per cent, htdro- 

CHLOBIO ACID. 

50,000 Mdd.) is thus reduced by nickel to a fairly constant level (800 
to 1200 Mdd.) at the same critical nickel content of 13 per cent., beyond 
which no important decrease in solubility occurs. Again, this level of 
corrodibility coincides with that of the nickel steels free from chromium. 

Effect of Add Radical, Conceniration, etc., on the Critical Nickel Con^ 
tent. — Is the discontinuous change in solubility at 13 per cent. Ni content 
independent of the nature and concentration of the corroding acid, or 
is the observed similarity in action of hydrochloric and sulfuric acids a 
chance relation? To throw light on this question, which might very 
naturally be asked, three steels were selected, all containing 15 per cent. 
Cr and with nickel contents 0, 13 and 20 per cent., respectively. Adher- 
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ence to the present rule would require that if nickel reduces the solubility 
in any given acid, the difference in solubility between the 13 and 20 
per cent. Ni steels would be small in comparison with the difference 
between both of them and the nickel-free steel. These steels were then 
tested following the standard technique (concentrations 5 per cent, by 
weight, temperature 30*^ C., time 20 hr.) in 10 different acids other than 
HCl, H2SO4 and HNO3 and in four different salt solutions® of some 


mjt 



Fig. 8.— ^-Corrosion rates op iron-nickbl-chbomium alloys in 5 pee cent, hydbo- 

CRXiORIC Acm* 

importance. The results are shown in Fig. 9, from which the following 
points may be noted: 

1. With the exception of sulfurous and phosphoric acids, if nickel 
reduces the solubility of a chromium steel in a given acid, it does so 
by depressing the solubility to an approximately constant rate at a 
nickel content which does not exceed 13 per cent. This holds good for 
formic, lactic, acetic, tartaric, citric, hydrochloric and sulfuric acids in 
dilute solution. 


® NaCl, 5 per cent. 

CaCJli, 20 per cent. 

Sjrnthetic sea water [See A. S. Wheeler: Composition of Sea Waters near Beau- 
‘ fort, N. C. Jnl. Amer. C^m. Soe. (1910) 32, 646.] 

Synthetic mine water [See Bull. No, 4, U, S. Bur. Mines, Coal Mining Investi- 
gations, Edna No. 2 Mine]. 
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2. A similar relation holds for such salt solutions as 5 per cent. NaCl, 
calcium chloride brine and sea water. 

3. The solubility of chromium steels in oxalic acid is fairly high and 
is barely affected by as much as 20 per cent. Ni. The solubility of all 
three steels in benzoic and carbolic acids and in synthetic mine water 
is very low. 



%Niekei 


Fig, 9.-“Epfect op nickel on solubiutt op nickbl-chromiijm steels (15 per 

CENT. Cr) in acids, ETC. 


There is a definite indication that the discontinuous solubility of 
nickel-chromium steels is real, and independent of the type of acid within 
wide limits. Although all of the adds in the strength used are less 
highly ionized than corresponding weight percentages of hydrochloric, 
or sulfuric acids, a further test was made to be sure that this important 
nickel concentration does not shift with change in acid concentration. 
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This was done by adding one more steel (15 per cent. Cr, 9 per cent. Ni) 
and comparing the solubilities of these in 0 . 5 , 5 and 30 per cent, sulfuric 
acid. These results are also plotted in Fig. 9 and indicate that within 
this wide range of hydrogen-ion concentrations the group of steels 
responds in exactly the same way, the critical nickel content l 3 ring in all 
cases between 9 and 13 per cent, nickel. 

SuLFUROirs Acid and Sulfurous Acid Mixtures 

It was shown in the preceding section that sulfurous acid -does not 
behave like the great generality of nonoxidizing acids. Aside from the 
intrinsic importance of resistance to this substance, it seems certain that 
sulfurous acid, in the small concentrations in which it occurs in city 
atmospheres, bears an important relation to the stainlessness of iron- 
chromium and iron-nickel-chromium alloys when subjected to atmos- 
pheric exposure. This will not be given further consideration here, but 
it is proposed to discuss in some detail various aspects of these alloys in 
their relation to sulfurous acid. • 

Sulfur dioxide gas, if anhydrous, is without effect on either iron- 
nickel, iron-chromium or iron-nickel-chromium alloys. The wet gas, or 
water solutions containing it, attacks vigorously all iron-nickel alloys 
and many of the chromium-bearing alloys. 

Anticipating somewhat, the measurement of metal solubilities in 
sulfurous acid solutions has turned out to be rather diflScult, owing to a 
number of special variables peculiar to this acid which are hard to 
control. These include the volatility of SO^ in water solutions and the 
strict necessity of avoiding the formation, by oxidation, of sulfuric acid, 
both of which require the test to be carried out in closed containers, 
foregoing agitation and aeration. The reaction descriptive of the 
corrosion process is very evidently complex and has not been analyzed, 
making the recognition and control of limiting factors at present impos- 
sible. In addition to these obstacles, the interpretation of experimental 
data is complicated by the fact that in some cas^ an obstructive insoluble 
corrosion product forms. 

Pure Sulfurous Add Solutions , — Some preliminary tests were made 
to find whether the visible stain formed by the action of sulfurous acid 
is a film capable of retarding corrodon by its presence. Monel metal, a 15 
per cent, chromium steel and a nickel-chromium steel were exposed in closed 
bottles of 5 per cent. H 2 SO 3 at SO"" G. for varying lengths of time (Fig. 
10 ). It appears that 15 per cent. Cr steel dissolves at a constant velocity 
expre^ble as a true rate, while the nickel-copper alloy and the nickel- 
chromium steel corrode at oonlinuously diminishing velocities. The 
latter follow curves which on analysis prove to be very nearly parabolic, 
thus conforming to a behavior in which oorrodon is subject to the restraint 
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of a permeable corrosion product.^® The difficulty of comparing the 
solubilities of metals differing fundamentally in law of solution is obvious. 

In the weight-loss tests which follow, a double period of exposure 
was adopted, the second nine times as long as the first, to differentiate 
the filming from the nonfilming compositions. This can be done readily 
by inspection, as if no film action occurs the two weight losses would be 
in the approximate ratio of 1 to 9; if a true film action (parabolic) occurs, 
this ratio would be 1 to 3. 



Fig. 10. — Rbbtbained and xjneestrainbd cobbosion in 5 per cent, sulpubous 

ACID. 

From such a comparison (Table 6) it appears that while the absence 
of interfering film formation is characteristic of all chromium steels up 
to 16 per cent. Cr (at which content they cease to be acted on by sulfurous 
acid) nickel is powerful in bringing about such interference and nearly 
all the nickel-bearing steels show the filming effect (Fig. 10). The 
amount of nickel necessary to cause this change is quite small: with 

N. B. PiUrng and R. E. Bedworth: Oxidation of Metals at High Temperatures. 
Jnl. Inst. Metals (1923) 29, 529. 
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4 per cent. Cr, less than 2.5 per cent. Ni; with 10 per cent. Cr, 1.1 to 
2.2 per cent. Ni; with 15 per cent. Cr, less than 1.2. per cent. Ni. By 
virtue of this filming action, small percentages of nickel have a con- 
siderable effect on the soluble chromium steels and at 15 per cent. Cr, 
the addition of 3 per cent. Ni reduces the solubility rate from over 5000 
to less than 100 units. This protective action cannot be forecast from 
the appearance of the corrosion product alone, as heavy, adherent yet 
wholly unprotective coatings form on the nickel-free steels. A weight 
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loss of about 20 mg. per sq. dm. in 54 min. is equivalent to the first 
appearance of a visible stain. 

In a certain superficial sense sulfurous add resembles strong nitric 
acid in its action on iron-nickel-chromium alloys. In both cases sharp 
limits of attack are developed which are almost wholly functions of the 
chromium content, but here the resemblance ceases. In Kg. 11 a few 
curves are given showing the sharpness with which the change from high 
to low solubility occurs at several different proportions of iron and 
nickel- The trend of the break in the curve to lower chromium con- 
centrations as the nickel content increases may be traced. 
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The action of chromium in iron-chromium alloys seems simple. 
Contents of chromium up to 15 per cent, have no effect quantitatively 
and all steels of lesser chromium content dissolve at a practically uni- 
form, high rate (125,000 Mdd.). Between 15 and 18 per cent, the 
solubility drops to one-thousandth of its former magnitude. 

The information on iron-nickel alloys is less complete; at 20 per cent. 
Ni the solution rate is only one-tenth that of iron and is almost the same 
as that of nickel. Between 20 and 100 per cent. Ni, therefore, nickel 
has scarcely any effect. 

In the presence of much nickel, chromium has a peculiar effect in 
first increasing the rate of solution. This is shown most positively in 
the range 10 to 30 per cent. Ni where the solution rate is increased 
threefold or fourfold at 8 to 10 per cent. Cr, beyond which an effective 
limit of attack is reached. This effect seems to persist down to the 
nickel-chromium alloys, for which reason three of the curves in Fig. 10 
are dotted through a maximum although no alloys of suitable chromium 
content were available to verify this. 

The triaxial plot (Fig. 15) shows the configuration thus developed, 
with a ridge of maximum solubilities extending parallel to the iron-nickel 
axis. The first 35 per cent. Ni seems most effective in reducing the 
chromium content required to induce passivity in sulfurous acid, and 
the limiting chromium content drops from 16 per cent. Cr with 0 per 
cent. Ni to 11 per cent. Cr at 35 per cent. Ni and thence to 9 per cent. Cr 
with 0 per cent. Fe. All chromium contents lying beyond this curve 
represent alloys unstained and insoluble in pure sulfurous acid solutions. 

Effect of Other Electrolytes on the Activity of Sulfurous Acid , — Quite 
accidentally it was discovered that the presence of small amounts of 
other substances in sulfurous acid solutions may change their activity 
against iron-nickel-chromium alloys enormously. A stale solution of 
HsSOs was noted to stain 15 per cent. Cr, 15 per cent. Ni vigorously, 
although this steel is normally passive by a good margin. This dis- 
crepancy was finally traced to a small content of sulfuric acid in the 
solution, presumably formed spontaneously by oxidation of sulfurous 
acid, and many other acids and salts were found to have a similar effect. 
For example, a steel containing 28 per cent. Cr suffered no detectable 
corrosion in pure 5 per cent, sulfurous acid; the addition of 5 per cent. 
NaCl, which itself is also without effect on this steel, brought about a 
coirosion rate of 95,000 Mdd., as great as that of dilute hydrochloric 
acid. 

A comparison of the stimulating action of a number of such sub- 
stances on four or five alloys, as shown qualitatively by staining in drop 
tests, is given in Table 3. A curious irregularity persists throughout 
and no particular acid or basic ion seems to have a consistent effect. 
Thus, H2SO4 or Na2S04 both accelerate, yet NiS04 is inert; acetic acid 
accelerates yet sodium acetate is inert; five acids tried all accelerate. 
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Table 3. — Effect of Inorganic Compounds on Action of Suifurous Add 
SoliUions on Nickel^hromium Steels 
Drop Tests of Six Minutes Duration at Room Temperature 



Additional Compounds in 
Solution 

j T893 

T1012| T1013 

1 i 1 

j T1002j T1096, 

H*SO* 
Per 
Cent, 
by Wt. 

Name 

Concen- 
tration, 
Grams per 
Liter 

j Cr. 
14.85 
Ni. 

1 0.14 

o, 

15.01 
Ni. 

13.01 

Cr. 

14.98 

1 Ni. 
j 20.07 

Cr. 

21,72 

Ni, 

24.00 

Cr, 

20.61 

Ni, 

11.12 

1 

1 Remarks 

1 

5 

None 


XX 

X 

z 





Acetic acid 

50 

xxxx 

XX 

zz 



No efiect if totally 









immetBed. 


Chromous sulfate. . . . . 

50 

XX 

z 

z 





Cupric sulfate 

50 

X 

X 

X 





Ferric chloride 

SO 


* xxx 

ZZX 


1 



Ferric sulfate 

50 



xxx 


i : 


Ferrous chloride 

SO 

xxxx 

! xxx 

xxx i 

, 


Ferrous sulfate 

Saturated 



xz 


I 


Hydrochloric acid 

50 


xxx 

xxx 


1 

1 


Hydrogen peroxidec. p.® 

50 

xxxx 

XIX 

xxx 


1 



Nickel nitrate 

50 

XX 

_ X 

z 





Nickel sulfate 

50 

XX 

X 

z 





Nitric acid 

50 

xxx 

xxx 

zzz 





Oxalic acid 

50 



zz 





Potassium chloride 

50 

xxxx 

xxx 

xzx 





Potassium hydroxide. . 

50 

X 

X 

z 





Silver nitrate. 

50 

T-rTt* 





SBver d^;>oeited7 


Sodium acetate 

60 

XX I 

X 

X 




Sodium borate 

' 60 

XX 

z 

z 





Sodium bicarbonate. . . 

50 

X 

z 

z 





Sodium carbonate 

50 

X 

X 

z 





Sodium chloride 

50 

xxxx 

xxx 

xxx 





Sodium chloride 

5 




xxx 

zzz 

No effect if totally 









immersed. 


Sodium nitrate. ....... 

50 

■r3nrT 

z 

ZZX 





Sodium oxalate. . 

50 

XTTt^ 

z 

z 





Sodium silicofluoride. . 

60 

XXXX 

xz 

z 





Sodium sulfate 

60 


xxx 

xxx 





Sodium sulfide 

50 

XX 

z 

X 





Sulfuric acid 

SO 

.... 

zzz 

xxx 





Sulfuric acid 

1 


zzz 

xxx 



- 

1 A 

None 


XX 

X 

z 




lU 

Sodium chloride 

50 

xxxx 

zzz 

zxz 





*3% solution. X « Bright. xx = Brown stain. xxx = Black ring. xxxx » Black stain; 


yet increasing tlie hydrogen-ion ooneentration by increasing the sulfurous 
add content had no ^aialogous effect. 

It is of particular interest to note that two common compounds, 
sodium chloride and sulfuric acid, both of which may occur with sulfurous 
acid in industrial atmospheres, are particularly effective, and the action 
of these two accelerants has been given some attention in detail. In 
some way the action of sulfurous add-salt mixtures differs from that of 
dmple sulfurous add and this is brought .’out particularly in the drop 
attack. Pure sulfurous, when it attacks a steel, does so tiiroughout the 
entire area beneath the drop. When a solution of sodium chloride and 
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sulfurous acid attacks a steel lying normally beyond the limit of attack 
in pure sulfurous, the surface beneath the center of the drop remains bright 
while the margin stains very darkly in a characteristic thin ring. This, 
of course, suggests the operation of some sort of electrolytic cell. 

The few quantitative tests in Table 6 show that the effect of the 
sodium chloride is not to increase the rate of solution of “ soluble 
steels but to extend the location of the limit of attack, requiring a higher 
chromium content to bring about insolubility. A rough estimation of 
the h’mit of attack in saline-sulfurous solutions, in comparison with 
pure sulfurous acid, is given in Fig. 16. The effect is greatest in the 
chromium steels, where the limit is raised from 16 per cent. Cr to over 
33 per cent. Cr. At 15 per cent. Ni the limit rises from 12 to about 23 
per cent. Cr, while with the nickel-chromium alloys the change is only from 
9 to 13 per cent. Cr. Conceivably these limits are functions of both 
the nature and the concentration of the auxiliary salt or acid. In the 
case of 5 per cent. NaCl, 5 per cent. H 2 SO 3 the limit of attack is even 
higher with a drop exposure in the open air than with full immersion 
in the nonaerated solution, rising at 15 per cent. Ni to more than 30 per 
cent. Cr. No simple, malleable iron-nickel-chromium alloy of any 
proportions yet available has offered substantial resistance to this kind 
of attack involving the simultaneous presence of sodium chloride, oxygen 
and sulfurous acid. Long exposures of a wide variety of alloys of this 
group in natural atmospheres have shown that none of these, containing 
even more than 20 per cent, chromium content, is truly stainless. 

The amount of accelerating substance needed to provoke staining 
on an alloy otherwise proof against sulfurous acid is not great. It is 
truly surprising to find, with an alloy containing 15 per cent. Cr, 15 
per cent. Ni, that 0.08 per cent, sulfuric acid or 0.8 per cent, sodium 
chloride in 5 per cent, sulfurous acid, or 0.02 per cent, sulfurous acid in 
5 per cent, sodium chloride suflSce to change the behavior of these solu- 
tions from complete inertness to great activity. 

Effect of Constitution and Heat Treatment 

It seems to be generally true, as study of these solubility tests will 
show, that lattice structure has no important effect on corrosion rates. 
In sulfuric and hydrochloric acids, the curves traverse the martensitic 
field from ferritic to austenitic alloys in a smooth curve with no breaks 
corresponding to the phase changes, and both ferritic and austenitic 
alloys may release gaseous hydrogen from these acids. In nitric acid 
purely a lattice alloys And purely 7 lattice alloys may show quantitatively 
identical relations between chromium content and solubility, and in 
sulfurous acid the limit of attack cuts across the ternary diagram with 
great indifference to structural conditions. It is, apparently, concentra- 
tion of particular elements in solid solution which counts. 
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Table 4. — Effect of Heat Treatment of Chromium Steel on Add Solubility 

(35^ C.) 

Cr, 11.80 Per Cent.; Ni, Nil.; C, 0.10 Per Cent. 


Heat Treatment 

6 Per Cent. 
HsS04 
Mdd. 

5 Per Cent. 
HNO* 1 
Mdd. 

5 Per Cent. 

Hot-rolled 

7,000 

10,500 

1 

950° C., hr. OQ 

8,430 

3,800 

4,980 

950° C., K hr. OQ + 300° C., 1 hr. WQ 

8,890 

4,200 


950^ C., H hr. OQ + 400° C., 1 hr. WQ 

8,370 

4,300 


950° a, K hr. OQ + 500° a, 1 hr. WQ i 

7,300 

13,200 


950° C., hr. OQ + 600° C., 1 hr. WQ 

6,730 

13,200 


950° C., % hr. OQ + 700° C., 1 hr. WQ 

7,090 

9,400 

4,760 

960° C., hr. OQ + 800° C., 1 hr. WQ 

8,550 

6,400 


850° C., hr. OQ + 500° C., 1 hr. WQ 

7,640 

27,900 


1,050° C., M hr. OQ + 500° C., 1 hr. WQ 

6,330 

14,000 


850° a, H hr. OQ + 700° C., 1 hr. WQ 

6,670 

10,300 


1,050° C., H hr. OQ + 700° C., 1 hr. WQ 

6,110 

10,400 


1,250° C., 3^ hr. OQ + 700° C., 1 hr. WQ 

5,080 

8,800 


950° C., K hr. furnace cool 

4,800 

13,000 


1,200° C., hr. furnace cool 

31,100 

4,800 



* 54 min, weight loss (Mg. per sq. dm.). 


Table 5 . — Effect of Heat Treatmeni of Nickel-chromium Steels on Solur 
Ulity {Mdd,) in 5 Per Cent HSOa (35^ C.) 


Heat Treatment 

Ni 

Cr 

C 

S 278 
15.46 
15.04 

0.23 

O 331 
10.33 
15.67 

1 0.12 

1 

O 283 

f 8.06 

! 17.65 

1 0.14 

Hot-rolled 


906 


9,230 

600° C., 1 hr., WQ 


799 


10,830 

800° C., K hr., WQ 


804 


6,000 

1,000° C., hr., WQ 


812 


1,035 

1,200° C., ^ hr., WQ 


735 

958 

858 

600° C., Ihr., AC 


785 

3,070 

19,900 

800° C., hr., AC 


758 

1,180 

13,550 

1,000° C., K hr., AC 


750 

943 

2,410 

1,200° C., hr., AC 


842 


1,155 

1,000° C. + 700° C., 2 hr., WQ 


794 

1,022 

7,950 

1,000° C. + 700° a, 24 hr., WQ 


770 

1,640 

4,720 

950° C., hr., FC 


753 

4,510 

5,860 

1,200° a, hr., FC 



1,745 

2,040 


The effect of heat treatment on the acid solubihty of a few typical 
alloys (hot-rolled from rather large melts) is shown in Tables 4 and 5. 
It is not surprising to find that it is principally the phase changes that 
result in changes in concentration of chromium in solid solution that 
affect these solubilities. 






Table 6. — Solubility Tests {Standard Testing Technique) 
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The annealing of hardened high-chromium steel withdraws chro- 
mium from solution by the precipitation of iron-chromium carbides, 
and the fact that hardening (oil quench) a 12 per cent. Cr steel decreases 
its solubility in dilute nitric acid, increases it in dilute sulfuric acid and is 
without effect in sulfurous acid, in comparison with the annealed or 
tempered steel, is wholly in agreement with the dependence of solubility 
rate on chromium content developed experimentally. 

It would seem that, theoretically, heat treatment should have but 
slight effect in the solubility of the low-carbon austenitic iron-nickel- 
chromium alloys, yet this is true only for those alloys containing more 
than the critical content of nickel. The alloys containing chromium and 
from 5 to 13 per cent. Ni exhibit greatly diminished solubilities in dilute 
sulfuric acid when they have been cooled rather rapidly from tempera- 
tures above 1000° C., and the magnitude of the change seems to preclude 
its connection with the solution of carbides. 

The examples show that the high solubilities characteristic of this 
particular group in the well-annealed condition may be reduced to the 
level of the high-nickel alloys and the shift in critical nickel content thus 
indicated is to below 8 per cent. Ni at the least. It is not known that 
this heat treatment brings about any structural or lattice change not 
shared by the alloys of higher nickel content. 

General Discussion 

The dependence of corrosion rate on complete composition is shown 
in the three-coordinate plots, Figs. 12 to 16. It would seem that the 
principal points established are: 

1. Discontinuous changes in solubility, or limits of attack, occur in 
the corrosion of iron-nickel-chromium alloys. 

2. In hydrogen-discharging acids the limit of attack is a function 
of the nickel content only and takes the form of an abrupt termination 
to a more or less steady diminution in corrosion rate. This nickel content 
is about 13 per cent., and alloys having higher nickel contents corrode in 
fully aerated, agitated solutions at a constant rate which is independent 
of the nickel or chromium or iron contents. While this rate depends, in 
magnitude, on the H-ion concentration as well as the nature of the acid 
radical, the critical nickel content does not. The latter bears no relation 
to either the microstructure or the lattice structure of the alloys, yet a 
particular heat treatment, apparently without effect on either of these, 
has a profound effect on the location of the limit of attack. 

3. The solubility in nitric acid of sufficient dilution to afford rapid 
rates of corrosion may be affected by changes in content of nickel, 
chromium or iron, yet the points at which substantial passivity is reached 
depend practically wholly on the chromium content, independent of 
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nickel or iron. The chromium content necessary to induce passivity is 
a continuously changing function of the nitric acid concentration. 



Fig. 12. — Effect of 5 per cent, nitric acid. 



Fig. 13. — Effect of 5 per cent, sulfuric acid. 



Fig. 14.^ — ^Effect op 5 pbb cent, hydrochloric acid. 


4. The behavior of these alloys in sulfurous acid is highly dependent 
on ibe pesenoe oi other soluble substances in the acid. In the pure 
aqueous add there oeeur very sharp drops in solubility to complete inert- 
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ness, and while these are most closely related to the chromium content, 
the limit is reached at progressively lower chromium contents as the 
nickel content is increased. The presence of many other salts and acids 
in sulfurous acid, even in minute amounts, makes a greatly increased 
chromium content necessary for the display of passivity to the solution. 

5, In approximately homogeneous solid solutions of these elements, 
no relation has been found between microstructure or lattice structure 



and any limit of attack. The latter are indifferent to the distinctions 
between the various ferritic aggregations, martensite or austenite. 

These results are not in complete harmony with some of the principal 
investigations which have previously covered portions .of this ground. 
To a considerable extent it is believed that the failure to recognize the 
function and importance of aeration in corrosion behavior as well as the 



Fig. 16. — ^Effect op NaCI on nunrs of attack in 5 peb cjent, sulfurous acid. 

lack of some other elements of control are accountable for this difference. 
For example, we differ with Hatfield, who believes that the addition of 
nickel to chromium steels increase their resistance to nitric acid, and 
with Utida and Saito^^ who conclude that high chromium contents of 

W. H. Hatfield: Influence of Nickel and Chromium upon the Solubility of 
Steel (in Relation to Corrosion), Jvd. Iron and Steel Inst. (1923) 108, 103- 

“ Y. Utida and M. Salto: Influence of Metallic Elements on the Corrosion of Iron 
and Steel. Sd, Repts, Tohoku Imp. Univ. [1] (1925) 14, 295. 
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the order of 30 per cent., without nickel, result in very low solubility in 
dilute sulfunc acid and that the addition of chromium increases the 
resistance of nickel steels to both hydrochloric and sulfuric acids. All 
of these investigators observed a continuous decrease in solubility in 
the last-named acids with rising nickel, even to high contents, and failed 
to find the reduction to constant solubility' of the present report. In a 
recently published article^^ which appeared as this was written, Guertler 
and Ackermann found such a relation in dilute sulfuric but not in hydro- 
chloric acid. 

About 10 years ago Tammaim^^ developed his theory of metallic 
corrosion embodied in the famous theory of molar eighths, which states 
that a solid solution of two cubically crystalline metals, one of which is 
attacked by a given solution and the other is not, becomes suddenly 
inert to that solution when the concentration of the nobler metal reaches 
% atomic per cent, or some whole-number multiple of it. This effort 
to connect the corrosion resistance of alloys to a property of the crystal- 
line lattice was boldly conceived and had an apparent verification in 
several important examples. It has enjoyed much popularity in Ger- 
many and has received further application at the hands of more recent 
investigators,^® both of whom profess to have found a rigid adherence 
to this rule in the case of iron-chromium alloys in nitric acid solutions at 
3^ mole Cr (11.7 per cent. Cr by weight). The latter have also examined 
a portion of the iron-nickel-chromium series, reporting a similar relation 
with nitric acid, and also find a sharp drop in sulfuric acid solubility at 
Vs mole nickel (13.1 per cent. Ni by weight), in close agreement, of 
course, with the present result. Perhaps the most careful and critical test 
given to Tammann^s rule is that by Van Ldempt^® with tun^ten-molyb- 
denum alloys, who was compelled to conclude that the concentration of 
the nobler element at the limit of attack not only departed widely from 
the required portion, but was variable and highly dependent on 
particulars of the test environment. Besides this direct refutation, it 
may well be objected that such preoccupation with crystallographic 
factors ignores the apparently weU-established demonstrations of the 

W. Guertler and W. Ackermann; Some Investigations on ihe Acid Resistance of 
Chioniium-nickel-iron"* Alloys of High Purity. Ztsch, /. MetdUkunde (1928) 20, 269* 

G. Tammann: The Chemical and Galvanic Properties of Mixed Crystal Systems 
and Their Atomic Arrangement, Ztsch. f. anorg. Chem. (1919) 107, 1. 

“ G. Grube and W. V. Fteischbein; ^rface Improvement of Metals by DifPuaon. 
I. Diffusion of Chromium into Iron and the limits of Resistance of Mixed Crystals of 
Chromium and Iron. Ztsch. anorg. Chem. (1^6) 1S4, 314. 

W- Guertler and W. Ackermann: Some Investigations on the Acid Resistance 
of C3iroinium-nickei-iron Alloys of High Purity. Ztsch. /. MeiaMkwide (1928) 20, 269. 

J. A. M. Van liempt: Notes on Resistance limits of Tungsten-molybdenum 
Mixed Crystals. Rec. des Tr<waux de Pay-Bas (1926) 46, 508. See also N. B. Pilling : 
Tammazm’s Rule and Corrosioo-reaetant ABoys. Min. Met. (1927) 8, 319. 
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electrochemical nature of corrosion as recently elaborated by Evans, 
McKay and others. 

Despite the apparent conformity to Tammann’s rule shown by the 
existence of a limit of attack at 13 per cent. Ni in hydrogen-discharging 
acids, we believe that our results offer other and more convincing evidence 
that space-lattice considerations within the metal are not determinative 
of corrosion resistance. The following might be mentioned: 

1. The critical nickel content, although constant for a wide range of 
conditions, does shift with a particular heat treatment not known to be 
connected with any phase or lattice change. 

2. The limit of attack (Cr) in pure sulfurous acid changes with change 
in nickel content and the progress from alloys having the a lattice to 
those with the 7 lattice is effected with no discontinuity. The limits 
are so sharp that the failure to conform to % mole Cr is unmistakable. 

3. The limit of attack of chromium steels in nitric acid does not occur 
at a fixed chromium content but varies through a wide range contin- 
uously with the acid concentration. 

These and other facts, including the constant rate of corrosion of 
high nickel-content alloys independent of their composition, seem to be 
understandable from considerations of electrol3diic cell action, polariza- 
tion, film formation, and other factors related to the environment of the 
corroding surface. This interesting subject, however, is beyond the 
intended scope of this paper. 

Aoknowleugment 
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DISCUSSION 

U. R. E7AK8, Cambridge, England . — Is the nature of the attack fairly uniform, 
or is it localized? So often, localized corrosion occurs under conditions roughly on 
the boundary between the passive region and the active region. Sometimes in corro- 
sion by neutral or slightly alkaline liquids, fairly general corrosion occurs when con- 
ditions are such as to favor the active state, but it becomes localized on approaching 
the conditions at which passivity sets in. 

Dr. Hedges, of London, has found that when one is passing from the active to the 
passive region, there is often an intervening region in which periodic fluctuations 
between the active and passive states are observewi. 

I believe that neither of these phenomena are so common in acid solutions as in 
approximately neutral solutions, but it would be interesting to me, and possibly to 
others, to know whether anything of the sort has been met with. 


U. R, Evans: Op. dL 
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N. B. Pilling. — We have found corrosion under the conditions of our tests usually 
fio be quite uniform except when hydrogen gas is discharged ; in this case the surface 
may become roughened. When the corrosion is such that no visible gas in bubble 
form is produced and depolarization occurs by oxidation, the corroded surface remains 
smooth. Even at concentrations of nitric acid which bring about border-line passivity, 
the attack appears uniform. We have had several interesting experiences with perio- 
dicity and perhaps Mr. Ackerman will describe them for you. 

D. E. Ackerman. — Periodicity of solution was observed with some nickel-iron 
alloys in some nitric acid solutions but not with iron-nickel-chromium alloys. The 
phenomenon is very striking. During the active phase the metal surface is covered 
with a brown film which is apparently made up of oxides of nitrogen. After a time 
this gas film appears to be swept off, and a less active or perhaps a passive condition 
is established. During the existence of this second condition the specimen surface 
is silvery white; the change from the more active to the less active condition starts 
at the low^t point of the specimen and rapidly spreads upward over the whole speci- 
men surface, giving the effect of sweeping off the gas film which is characteristic of the 
more active state. The dislodged gas can be seen to rise through the solution in 
bubbles which burst upon reaching the surface, releasing a heavy brown gas. The 
subsequent reversion to the active condition takes place practically simultaneously 
over the whole specimen surface, as judged by the appearance of the gas film. 

These remarks are based entirely upon a few observations made incidentally in 
the course of our investigation; these observations indicate that the appearance 
of the phenomenon of periodicity of solution is dependent, among other factors, upon 
the alloy composition and the nitric acid concentration. A formal study of the phe- 
nomenon, such as would disclose all of the important conditions controlling it, would 
have been outside the scope of the present investigation. 



Corrosion of Metals in the Lehigh Valley* 

Bt C. E. REINHAEDjf PALMERTON, Pa. 

(New York Meeting, February, 1929) 

A usBFtJL accelerated weathering test should be capable of placing 
any series of metals quantitatively in the same order of endurance as 
that noted under a particular set of actual exposure conditions. The 
development of such a test must necessarily depend to a considerable 
extent upon data obtained from a wide variety of exposures. 

This paper offers preliminary data from exposure tests on nine 
metals placed in 11 locations in the Lehigh Valley, within a radius of 
20 nules from Palmerton. The exposure conditions vary from a severe 
industrial atmosphere to a pure rural atmosphere. The data are offered 
as evidence of the necessity for the identification and evaluation of the 
variables of corrosion and as illustration of some of the variations to be 
considered in the development of a useful accelerated test. 

It is quite clear, from this evidence, that a useful accelerated test 
must be versatile to the extent of showing the probable variations of 
corrosion resulting from differences in atmosphere as well as from differ- 
ences in the metals. 

The paper is presented solely with the object of pointing out the wide 
variations in relative merits of several common metals in resisting cor- 
rosion and without any thought of initiating controversy regarding the 
merite of particular metals. For this reason the metals are designated 
only by symbols in the tables and no key is given to these symbols. 

Test Pboceduke 

Specimens, 4 by 6 in., were cut to accurate dimensions from each of 
the following metals or alloys: aluminum, ascoloy, copper, copper steel, 
galvanized iron, and zinc. Additional grades of these metals bring the 
total to nine types. Since it was impossible to obtain the required 
number of copper-steel specimens having equal surface conditions of 
rust and scale, it was thought advisable to pickle these specimens in a 
hot solution of 10 per cent, sulfuric acid. All other specimens were 
carefully cleaned in ether and alcohol and weighed just prior to exposure. 

Four specimens of each type of metal were mounted on a test rack by 
means of porcelain insulators. The racks were so constructed that 

♦ Contribution from the Research Division, New Jersey Zinc Co. 

t Investigator, Metal Section, Research Diviaon, New Jersey Zinc Co. 
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single specimens were exposed in both the horizontal and the vertical 
positions on each side of the rack (Fig. 1). This arrangement permitted 
the exposure of a single specimen of each base metal in each position in 
two compass directions. All racks were exposed so that one side faced 
the east and the other the west. 

Two identical racks were placed at each location; one to be inspected 
periodically, the other to remain exposed for an indefinite time 
before inspection. 

Various types of atmospheres in the Lehigh Valley within a radius 
about 20 miles from Palmerton were chosen, as follows; (!•) coal region; (2) 
cement district; (3) zinc-oxide furnace building; (4) rural; (5) Palmerton. 

A key is given herewith to the rack number and location of the 
test racks, shown diagrammatically in Fig. 2. Throughout this paper 
the rack number only will be referred to, since the purpose of the paper 
is to call attention to the range of variation with a small radius of testing 
rather than to emphasize the effects at any particular location. 

Key to Rack Number and Location op Test Racks 

Rack Numbbb LoqA’WON 

1 New Jersey Zinc Co. research test fence at Palmerton (diluted 

industrial gases, some zinc oxide). 

3 Pyrometer shed, zinc-oxide furnace building (indoor exposure 

moisture, furnace gases, dust). 

5 Directly over furnace, zinc-oxide furnace building (indoor 

industrial exposure, heat, furnace gases, moisture). 

7 Cement crusher building (indoor exposure, raw cement dust). 

9 Roof of building in cement manufacturing town (Nazareth, Pa.). 

11 Cement-kiln furnace building (indoor exposure, heat, moisture, 

gases, cement dust). 

13 Roof of building in coal-mining town (Lansford, Pa.), near 

railroad. 

15 Coal-breaker building (indoor exposure, moisture, gases). 

17 Farm, in low, moist and shaded location near stream, 5 miles 

southeast of Palmerton. 

19 Farm, on hill exposed to sun and wind, 5 nules southeast of 

Palmerton. 

21 Farm, in low, moist location near stream but exposed to sun and 

wind, 2 miles north of Palmerton. 

The monthly inspection consisted of removing dust and loose cor- 
rosion products by brushing or scrubbing, and determining the change 
in weight. The surface appearance of the specimens was noted every 
three months. From the change in weight data corrosion rates in 
milligrams per square centimeter per month were' calculated. 

The removal of even loose corrosion products is admittedly question- 
able. The duplicate undisturbed racks when inspected and weighed at 
the end of the test will show what effect this procedure may have had. 
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Sulfur dioxide analyses were made at each location in order to study 
the effect of the SO 2 content of the atmospheres on the reversal in the 
order of corrosion resistance noted in the results. The procedure and 
apparatus described by McKay and Ackerman^ was used for this purpose. 

Experimental Data 

Table 1 gives the corrosion rates of the various metals in milligrams 
per square centimeter per month based on the total change in weight 
after 11 months' exposure. This is the longest period for which data 
were available at tins writing. After the first six months of exposure 
the changes in weight from month to month were fairly uniform, so that 
the data for any month after that give practically the same relative 
corrosion rate. 

Inasmuch as the data are not intended to display a comparison 
between the metals tested, but to illustrate the vagaries of corrosion, the 
various materials are designated by letters in the table. 

In Table 2, are given the relative order of corrosion rates of the 
varioiis metals for each location and position of the specimens. In 
preparing this table a positive corrosion rate was considered as decreasing 
with increase in the numerical value. For example, the following series 
of numbers represent low to high corroaon rates: +0.05, +0.02, 
-0.02, -0.05. 

Position 1 in the series represents the lowest corrosion rate and position 
9, the highest corrosion rate. 

Perhaps this procedure is not justified in terms of absolute corrosion, 
as a large positive change in weight may imply either great adherence of 
the corrosion products, which is advantageous, or a high rate of corrosion, 
which is disadvantageous. It is obvious that there is a difference between 
a condition that causes a large loss in weight and one causing a gain 
in weight, but the tabulation serves its intended purpose in pointing out 
variations in the positions of any metal in the different test locations. 

Table 2 also summarizes the results of the sulfur dioxide analyses. 
The values obtained are the average of from two to five determinations 
at each location on a clear windy day. Determinations under other 
atmospheric conditions are not yet available. It is quite certain that 
under less favorable weather conditions the SOt content at most locations 
would be considerably higher. A determination made at the location 
of rack 15 shortly after a locomotive had passed through the building 
showed more than 0.25 p.p.m. of SO 2 as compared with less than 0.05 
p.p.m. about an hour later. Idkewi^, at the location of rack 11a deter- 
mination was made clo^ to the base of the stack exhausting the kiln 
furnace gases, and in spite of a heavy wind 0.10 p.p.m. of SO 2 were found. 

1 R. J. McEay and D. B. A^ennan: Detemnination of Sulfur Dioxide in Small 
Amounts in tlm Atmosphere, /nd. <& Eng, Chfffn* (1928) 20, 538. 
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Table 2. — Order of Corrosion Ratef^ 
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* Specimens sbo-wing a gain in weight were considered as having^ a low cosroeion rate; the greater 
the gain, the lower the rate, and vioe versa. Furthermore, in studying this table it should be remem- 
bered that the order was determined by change in weight only. 


Discussion op Results 

It is evident from Table 2 that in only a few exposures did the metals 
fall in the same order of endurance. It is true that the dififerenoes were 
at times small but the differences will undoubtedly be accentuated as the 
test continues. 

Five of the nine metals occupy position 1 at one exposure and posi- 
tions 8 and 9 in other exposures. In other words, five of the nine 
metals are capable of foarming adherent corrosion products under certain 
conditions of exposure and nonadherent products under other conditions. 
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Under a third set of conditions the same metals will undergo practically 
no corrosion. This point is particularly well illustrated by the behavior 
of metal I. For convenience, the weight changes for this metal are 
summarized in Table 3. 


Table 3. — Summary of Weight Changes of Metal I 


Rack 

Number 

Location 

Position 

Weight Changes, Mg. 
per Sq. Cm, per Month 

East 

West 

1 

Palmerton 

Vertical 

+0.0208 

+0.3896 



Horizontal 

+0.6480 

+0.5250 

3 

Oxide-furnace building pyrometer 

V 

-0.9520 

-1.2100 


shed. 

H 

-1.9375 

-2.5840 

5 

. Oxide-fumace building over oxide 

V 

-1.7375 

+0.6285 


furnace. 

H 

-1.2100 

+0.8155 

7 

Cement crusher building 

V 

-0.3940 

-0.5740 



H 1 

-0.0965 

-0.3017 

9 : 

Cement manufacturing town 

V 

-1.0090 

-1.0500 



H 

-0.0550 

-0.1315 

11 

Cement-kiln building 

V 

+0.0566 

+0.0585 



H 

+0.0605 

+0.1878 

13 

Coal-mining town 

V 

-0.2400 

-0.2145 



H 

-0.1770 

1 +0.1295 

15 

Coal-breaker budding 

V 

+0.0760 

+0.0203 



H 

-1.0260 

-0.1286 

17 

Moist, shady, rural 

V 

+0.7948 

' +0.2360 



H 

+0.0288 

-0.0803 

19 

Dry, sunny, rural 

V 

-0.3960 

-0.1245 



H 

+0.0204 

-0.0798 

21 

Moist, sunny, rural 

V 

-0.0292 

-0.3960 



H 

+0.3190 

-0.0082 


While it is not the writer's intention to offer explanation for the 
variations noted in this work, it is interesting to note that metal F 
occupied a position indicating a high corrosion rate only in the atmospheres 
high in SO 2 . This is the only connection detected between the SO 2 
content of the atmosphere and the type or rate of corrosion. 

The variations between specimens exposed in opposite positions and 
directions are noteworthy. 

In conclusion, the writer wishes to point out again that these data 
are presented only to indicate the grave diJBEiculties connected with the 
development of an accelerated atmospheric weathering test for metals 
which will give indicative results for a variety of atmospheric conditions 
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Addendum 

The results of similar tests on racks exposed in various parts of the 
United States in a variety of atmospheres strongly confirm the data 
presented in the paper and show that the widely varying results noted 
in the Lehigh Valley exposures, after 11 months of exposure, may reason- 
ably be expected after a longer period of exposure. 



Fig. 3. — Side view op assembled test back used outside the lehiqh valley. 
Table 4. — Corrosion Raie over Longer Period of Exposure 


Milligrams per Square Centimeter per Month for 3 Years 


Metal 

Palmerton 

New York 

Monta.uk 

Pittabwgk 

Hanover, 

N. M. 

Key Weet 

J 

+0.0333 

-0.0498 1 

+0.0118 

+0.0318 

-0 0011 

+0.0467 

K 

-0.0734 

-0.4160 

-0.0511 

-0.2670 

-0.0053 

-0 0069 

L 

-0.0305 

-0.1582 

-0.0305 

-0.0742 

-0.0043 

-0.0019 

E 

+0.0063 

+0.0753 

+0.1790 

+0.0453 

+0.0008 

+0.0179 

M 

-0.0045 

-0.0947 

-0.0043 

-0.0616 

-0 0013 

+0.0261 

N 

+0.0120 

-0.0731 

-0.0058 

-0.0367 

-0.0009 

1 

-0.0343 

A 

-0.0417 

-0.2255 

+0.0203 

-0.1665 

j -0 0030 

+0.1935 

B 

-0.0328 

-0.2002 

+0.0393 

-0.1105 

-0.0023 

+0.2118 

F 

+0.0396 

-0.0681 

i -0.0017 

-0.0338 

-0.0003 

+0.0597 

0 

i +0.0015 

+0.0085 

-0,0820 

+0.0026 

-0.0054 

+0.0723 

P 

-0.0497 

-1.1810 

+0.0358 

-0.1270 

-0.0094 

+0.0553 

Q 

+0.0226 

+0.0124 

+0.0296 

+0-0068 

-0.0010 

+0.1098 

R 

-0.0553 

-2.4480 

-0.0314 

-0.2701 

-0.0126 

+0.1031 

H 

-0.0698 

-0.3075 

+0.0148 

+0.1895 

-0.0077 

+0.2265 

S 

+0.0116 

1 +0.0159 

-0.0375 

+0.0118 

-0.0012 

+0.0528 

I 

-0.2425 

-2.2250 

-1.2470 

-1.3730 

-0.0822 

-0.1725 

T 





-0.1543 

-0.4750 

G 

-0.0036 

+0.0173 

i 

+0.0119 

+0.0047 

-0.0097 

+0.1777 


A different type of rack was used for these tests (Fig. 3). Eighteen 
different types of metals were exposed in duplicate. One rack was 
exposed at each of the following locations: 
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1. New York, N. Y. (salt-industrial atmospheres) 

2. Pittsburgh, Pa. (severe industrial atmospheres) 

3. Montauk Point, L. L, N. Y. (northern salt atmospheres) 

4. Key West, Fla. (southern salt atmospheres) 

5. Hanover, N. M. (dry pure atmospheres) 

6. Palmerton, Pa. 

Corrosion rates in milligrams per square centimeter per month are 
given in Table 4. In Table 5 the metals have been arranged in the order 
of corrosion for each location. ‘ ' 


Table 5. — Order of Corrosion (3 Years) 


Location | 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 

13 

14 

15 

16 

17 

1 

Palmerton, Pa 

F 

J 

Q 

Ni 

S 

E 

O 

G 

M 1 

L 

i 

B ! 

A 

P 

R ! 

H 

K 

I 

T 

New York. NY. 

E 

G 

s 

Q 1 

o 

J 

F 

N 

M 

L 

B 

A 

H 

K 

P 

I 

R 

T 

Montauk, N. Y . . . 

E 

B 

P 

Q! 

A 

H 

G 

J 

F 

M 

N 

L 

R 

S 

K 

O 

I 

T 

Pittsburgh, Pa . 

E 

J 

s 

Q 1 

G" 

O 

P 

N 

M 

L 

B 

P 

A 

H 

K 

R 

I 1 

T 

Hanover, N. M 

E 

F 

N 

Q 1 

J 

S 

M 

B 

A 

L 

K i 

O 

H 

P 

G 

R 

I 

T 

Key West, Fla 

H 

B 

A 

G 

1 

Q 

R 

0 

F 

P 

S 

J 1 

1 

M 

E 

L 

K 

N 

I 

T 


DISCUSSION 

N. B. Pilling, Bayonne, N. J. — There has not been much published dealing par- 
ticularly with atmospheric corrosion tests except for steels, and the author is, to be 
commended for emphasizing the difficulties not only of measurement but of inter- 
pretation involved in this perplexing subject. 

My first criticism concerns the suppression of the identity of the metals he has 
worked with. He tells us what in general is included, and it appears that quite a range 
is covered, including sheet iron, copper, zinc, stainless steel and some others. I 
wonder if we are yet ready, wdth the present stage of development in corrosion testing, 
and of atmospheric corrosion tests in particular, to consider these tests in the abstract 
way required by the suppression of identity. Valuable as the results are which the 
author gives, we are left somewhat in the position of a student of the famous blindfold 
test — ^if we wish to carry our study of the author's data beyond his general conclusion 
there is no alternative but to start all over and repeat the entire experiment ourselves. 
One requirement of a scientific paper is that it should so state things that anyone 
wishing to pursue the subject further may start where it leaves off. It is hoped that 
in his final report the author will feel greater liberty in this regard. 

My second point deals with the method of interpretation. The author rates his 
specimens by assuming that those with the greatest increase in weight have corroded 
least, while those with the greatest loss in weight have corroded most. That is, as 
I understand it, a steel sheet which had rusted profusely yet retained the rust coating 
adherently would be considered to have a low rate of corrosion. If, on the other hand, 
a plate of glass or some other substance that was not attacked at all by the atmosphere 
had been included and rated with the other specimens, it would fall somewhere in the 
middle of the series, with an indicated corrosion rate greater than the steel just men- 
tioned. This indicates, of course, that not only must an adequate method of measur- 
ing corrosion be arranged, but that a good deal of judgment must be used in 
its interpretation. 

If the data given in Table 1 are rearranged giving the order of merit of the various 
metals and following the general scheme of Table 2, but basing the analysis on this 
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assumption, that those specimens which have changed most in weight — whether an 
increase or a decrease — have corroded most, the more paradoxical coiudusions of the 
paper may be somewhat modified. In place of the condition summarized at the bot- 
tom of page 285, “Five of the nine metals occupy position 1 at one exposure and positions 
8 and 9 in other exposures,” it will be found that the metals designated E and G occupj" 
first position (least corrosion) in 75 per cent, of the cases, and the same two metals 
occupy second position in 55 per cent, of the cases, whereas metal I which is particu- 
larly used to illustrate the wide vagaries of corrosion, occupies last, or next to the last 
place, in 91 per cent, of the cases. 

C. L. Hippensteel, New York, N. Y. — It seems to me that this paper is doing 
in large measure what it sets out to do; that is, to show that the problem of establishing 
the universal accelerated corrosion test will be very- diflScult. The environment of 
atmospheric exposure is so complicated and variable that it will be difficult, if at all 
possible, to establish a given set of conditions that will illustrate corrosion under ail 
circumstances. This seems to indicate the necessity for a great deal more theoretical 
investigation of the factors in atmospheric exposure that have a pronounced effect 
in producing corrosion, and after those are ferreted out, the use of them in 
the accelerated test. 

It further illustrates the difficulty of attempting to judge corrosion by weight-loss 
measurements alone. While it is true the increase in W’eight due to corrosion film 
formation will so complicate the results that it is hardly advisable to rate metals on 
w^eight change basis alone, it w^iU be difficult to attempt to do wdth a large number of 
metals what Mr. Friend and others have done in England; that is, to take into account 
in the weight change measurements, the amount of corrosion products retained on the 
surface and those lost, namely “surrosion” and “errosion” products. While it is 
true that the weight-loss measurements do not give an extremely accurate statistical 
measure of the weight of corrosion, it has been our experience on some preliminary 
tests on corrosion of steel and non-ferrous metals in outdoor exposure that there was 
a definite very m^ked loss in weight of iron over other metals that were included in 
the test, despite the formation of a thick oxide film formation on the iron. T^Tiere 
there are marked differences in rate of corrosion, in a qualitative sense, weight-loss 
measurements may be of value. Along the line of inconsistencies of results that may 
be obtained," one case came to our attention recently on some stainless steels. They 
were exposed on a rack at a 45° angle. The full area of the front of the plate was 
exposed, and about two-thirds of the back. The samples were also exposed to a periodic 
spray, and judging corrosion from a visual standpoint (we were interested particularly 
in the staining or film that would form), apparently the most serious corrosion was 
on the under side of the samples rather than on the upper side where the 
spray struck them. 

The paper certainly illustrates the difficult problem of apphdng our corrosion 
information (laboratory or theoretical) in a practical vray in choosmg the right metal 
for a specific application. 

W. H. Fenkeldey, New York, N. Y. — It is only natural that one should become 
confused when examining loss or gain in weight data secured from corrosion test 
specimens that have been exposed only a short period of time in the atmosphere. 
The author is to be commended for attempting to present his report at this stage 
of his tests. 

However, it is well to keep in mind that the process of corrosion will ultimately 
straighten out this situation. In another 5 or 10 years it wiU be readily apparent 
which specimens are corroding most rapidly and by that time it will not be necessary 
to determine the extent of corrosion from any consideration of gain in weight data. 
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This test is only in its earliest stages and ultimately all specimens will show a loss 
in weight. 

If it were possible to inspect the specimens themselves while considering the 
corrosion data, a much better picture of what has taken place would be secured. The 
importance of this feature has been recognized by Committee B-3 of the American 
Society for Testing Materials, which is starting, this year, a series of atmospheric 
corrosion tests on a wide variety of non-ferrous metals. The plan is to exhibit the 
test specimens whenever they are brought in from the test locations for the deter- 
mmation of loss in weight data. This will permit those interested in the tests to 
secure a much better idea of the corrosion that has taken place in the various atmos- 
pheres than w’ould be possible from the bare consideration of loss or gain in weight data. 

When his specimens have undergone more weathering, I hope the author will 
present another paper telling the story of what has taken place in the interval. It 
'would be helpful if he could present the data together wdth some low-power photo- 
graphs of the surface of the specimens, 'which should give some picture of the type 
of corrosion and the character of surface films formed by the products of corrosion. 
It would also be helpful, as !Mr. PiUing has suggested, to reveal the identity of the 
test specimens. 

C. E. Heinhard (written discussion). — Mr. Pilling apd Mr. Finkeldey have both 
questioned the omission of the identity of the samples tested. The writer would 
again emphasize that the data are advanced solely for the purpose of indicating the 
wide range of results which can be obtained in a limited geographical area, and so 
pointing out one of the difficulties in the way of developing a universal accelerated test 

Further analysis of the data would, in the author’s opinion, be fruitless. When 
periodic readings over a number of years are available, such anabasis '^ill be important. 

The interpretation of corrosion by means of change in weight data is admittedly 
open to question unless substantiated by other observations, such as were used in 
this case, though perhaps not clearly pointed out in the paper. The entire subject 
of the paper is summed up in one point; namely, that an accelerated test designed to 
study the corrosion of a metal (I, for example) would have to be extremely versatile 
in order to predict this experience. 



Smoothing and Etching Cupronickel, Bron2e, Brass and 

Steel 

By H. B. Pclsifer,* Clei-elaxd, Ohio 

(Philadelphia Meeting, October, 192S) 

This paper outlines a method for rapid production of flat, granular 
surfaces on many of the medium hard alloys. Grinding wheels and 
fabrics on wheels are not used; the purpose is accomplished by rubbing on 
emery papers and on fine abrasives heaped on hand boards. The advan- 
tages of chromic acid in the solutions for etching nickel and copper alloys 
are explained. Steels may require an additional step in the mechanical 
smoothing owing to the lack of an ideal etchant. Chloric acid is a rapid 
etchant for steel. Thirty-six photomicrographs illustrate the steps in 
smoothing and the clearness with which structures can be rapidly exposed. 
New structures in low-carbon steels are announced. After a little prac- 
tice, many materials can be finished wdthin two or three minutes. 

Cupronickels 

In the previous papers on the metallography of copper and magnesium 
which the author has presented to this Institute there has been an attempt 
to demonstrate the advantages of minimizing the mechanical work of 
surfacing and depending more on chemical means; the present paper con- 
tinues the research into a still wider field. 

It is obvious that the success of a chemical method for smoothing and 
etching depends almost entirely on the use of a suitable reagent. The 
etchant must remove the surface granulations and outline the structures. 
A very special type of reaction between reagent and metal must be dis- 
played. Promiscuous corrosion or the intensification of the attack about 
local couples formed by impurities or components must not be in evidence. 

There are several reagents that etch highly polished nickel and copper 
alloys very well. Acidified ferric chloride solutions, concentrated and 
dilute nitric acid solutions, and nitric and acetic acids in acetone have 
been used to good advantage for the purpose. However, if they are 
expected to etch rather deeply — ^that is, smooth as well as characterize — 
the results may be far from satisfactory. 

Advantages of Chromic Acid 

In a protracted series of experiments it has been found that the addi- 
tion of chromic acid may be of the most surprising benefit. The function 

* Metalluiigist, Ferry Cap & Set Screw Co. 
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of the chromic acid is to render the metal more passive to chemical attack. 
Only major features come into relief. Local couples and corrosion pits 
fail to develop. Crystals come into relief by virtue of their relative rate 
of solution over an entire exposed section. It is a dissolving dependent 
on the different rates of solution as determined by the crystallographic 
section exposed. Incidentally, two crystals in contact and with all axes 
parallel or with sections dissolving at the same rate fail to yield a bold 
hne of demarcation. Bold and faint crystal boundaries characteristically 
appear on many of the prints. 

When a piece of smoothed monel metal sheet is etched with con- 
centrated nitric acid containing chromic anhydride the result appears as 
in Fig. 1. This sheet is 20 hard by the scleroscope; it was etched 20 sec. 
in the reagent. 

Nitric acid alone had been found to differentiate crystal borders very 
well but to dissolve the matrix excessively about inclusions. The idea of 
adding the chromic acid came directly from the known effect of powerful 
oxidizing agents rendering metal passive. Incidentally, the function of 
chromic acid in the Palmerton solution for etching zinc was in mind. It 
was strongly perceived that the Palmerton reagent contains chromic acid 
to render the metal passive while the sulfuric acid selectively etches only 
the chief structural boundaries. We all recall that comparatively few 
photomicrographs portrayed the structure of zinc before the announce- 
ment of the Palmerton reagent. That was a very important disclosure 
in 1919 in the paper by Mathewson, Trewin and Finkeldey.^ 

Chromic acid has often been used as a component of etching solutions, 
notably for etching silver. Mr. Vilella, of the Union Carbide and Carbon 
Research Laboratories, found chromic and hydrochloric acids splendid 
etchants for certain copper alloys.^ 

Mechanical Smoothing 

It should be explained that the present report on the use of etchants is 
concerned with their use as smoothers as well as grain developers. No 
real polishing of the metal surface is attempted. A granular surface has 
to be cleared and underlying features delineated. 

A specimen that has been reduced to suitable size by the usual hack- 
saw method may be conveniently filed fairly level in a vise. It is then 
dragged across a flat mill file laid on a bench until the surface has one 
facet and has been planed to the corners. The file should be of medium 
fineness. It is essential to obtain one single facet for the subsequent 
operations are brief and not suited to removing much metal. 


^ C. H. Mathewson, C. S. Trewin and W. H. Finkeldey: Some Properties and 
Applications of Rolled Zinc Strip and Drawn Zinc Rod. Trans. (1920) 64, 305- 
* J. R. Vilella: Delving into Metal Structures. Iron Age (1926) 117, 834. 
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The filed specimen is then rubbed on Xo. 0 coarse emery paper on a 
piece of plate glass until the deepest file scratches have disappeared. 
This is a quick operation and it is not necessary" to change the direction 
of abrasion. 

The next step is to rub the specimen on Xo. 0 fine emery paper to 
remove the metal to a new and finer surface. This, also, requires only 
a few seconds. A surface of monel metal will appear as in Fig. 2 at 
100 diameters. 

The specimen is then rubbed on No. 000 fine emery paper until the 
surface is entirely reduced to the newer and finer set of striations. Fig. 3 
shows the characteristic appearance at this stage. 

The next steps of the smoothing are done on damp abrasive heaped 
on chamois skin stretched over a paraffined board. Carborundum 
powder (washed, 6 min.) is on one board and washed ground tripoli 
on the other. 

Each abrasive is moistened only enough to hold together and support 
the specimen under pressure. The specimen should never touch the 
underlying chamois skin. 

The specimen is rubbed on the carborundum powder only a few 
seconds. Care is taken to rub all parts of the surface and enough pressure 
is used to insure rapid removal of metal. The appearance of the surface 
after a few seconds is shown in Fig. 4, at 100 diameters. 

The final step of the mechanical smoothing is a repetition of the last 
process but carried out on the other board, which has a heap of moistened 
tripoli powder. Since the tripoli powder is light colored it is possible to 
gage the amount of the abrasion by the blackening of the tripoli. Rapid 
blackening of the powder assures one of rapid smoothing. After a few 
seconds’ work the surface should appear about as in Fig. 5. 

The last two rubbings have largely eliminated scratches and they 
have been brief enough to leave the surface level. The surface is not 
polished and glassy but granular. 

Etching Cupronickels 

If a surface prepared as indicated is agitated for a few seconds in 
concentrated nitric acid containing chromic anhydride, the structure 
should appear as well as the one shown in Fig. 1. The depth of the etch- 
ing can be varied within rather wide limits without harmful pitting or 
unequal dissolving. 

It will be found that a* first light etch and repolish on the tripoli before 
a final etching is highl}^ advantageous. The attack of the acid gives a 
fresh tooth to the tripoli. The abraded metal seems to impregnate the 
powder and assist in making the surface smooth. The repolishing delays 
the work only slightly. Careful repolishing one or more times gives 
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superior surfaces free from the wavy grooves that are residual after earlier 
strains from filing or the coarser emery papers. 

With a little practice it would probably be possible to prepare most 
of the surfaces shown in this paper in a finishing time of about two 
minutes each, and any of them in less than four minutes. This means 
the time required on the emerj’' papers, the carborundum and tripoli, 
and the etching. 

It is well known that annealed metal usually etches more clearly than 
cast or heavily cold-worked material. The nitric and chromic acids etch 
cupronickels well, whatever their condition. 

Fig. 6 shows the results obtained on a cast, soaked and quenched 
monel metal. The finer network of lines so prominent in the cast and 
heavily cored condition are only faintly visible. Although numer- 
ous inclusions are present the metal has not been unduly dissolved 
about them. 

The strained metal in the threaded section of a roll-threaded monel 
metal cap screw is shown in Fig. 7. This surface has been heavily etched 
but holes do not appear about the inclusions as when other etchants 
are used. 

Fig. 8 shows the metal flow in the thicker portion of the roll thread 
but more lightly etched. The slippage and elongation of the crystals is 
plainly seen. 

In similar manner, the structure of the metal in the heads of cold 
upset cap screws or in sheets that have been cold-rolled is much more 
clearly portrayed with the new reagent than with any of the others 
commonly used. 

A final print on the cupronickels is given in Fig. 9. This is the usual 
appearance of a longitudinal section through Mond-70 annealed wire 
0.368 in. dia. The longitudinal striations are considerably more numer- 
ous than in monel metal. 

Bronzes and Brasses 

Most of the copper alloys disclose their structures fairly well when 
attacked by a variety of reagents. The voluminous literature on the 
subject is well illustrated with excellent prints. Yet the extreme sim- 
plicity and ease of surfacing without wheels or moving fabrics justifies 

Fig. 1. — Annealed sheet monel metal. Etched 20 sec. in conc. HN0« 4- CrO*. 
X 100. SCLEROSCOPB HARDNESS == 20. 

Fig. 2. — Sheet monel metal, smoothed with No. 0 fine emery paper. X 100. 

Fig. 3. — Sheet monel metal, smoothed on No. 000 fine emery paper. X 100. 

Fig. 4. — Sheet monel metal, smoothed on carborundum powder heaped on a 
HAND BOARD. X 100. 

Fig. 5. — Sheet monel metal, smoothed on Tripoli powder heaped on a hand 
BOARD. X 100. 

Fig. 6. — Cast monel soaked at a red ism at and quenched. Etched with conc. 
HNOs + CrOs. X 100. 
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mention. There is also a possibility that the use of chromic acid as a 
component of etchants may find general application. 

Ground and washed tripoli appears to be an ideal abrasive for the 
final mechanical smoothing of these medium hard alloys. Specimens of 
bronze and brass rub out to an almost scratch-free and finely granular 
surface in a ver^" few seconds. These alloys are neither too soft, so that 
they deform, nor too hard, so that they fail of rapid erosion to a flat 
granular surface. 

The procedure is exactly the same as with cupronickels. If it is 
intended to finish a smooth surface without etching it is well to etch 
slightly and give a final smoothing on the tripoli. This leaves a surface 
suitable for observing inclusions, defects, hard and soft components. 

A good example of the results that may be attained is at hand in the 
case of a brass that contained too much lead to cold-head without shear- 
ing. This brass, which contained 3.5 per cent. lead, is shown in Fig. 10 
at 100 dia. It is a longitudinal section with the final smoothing on 
tripoli. The black spots are the globules of lead. Hardly over two 
minutes is required to prepare a surface in the manner just described. 

Bronze Wire 

A Tobin bronze wire sheared instead of flowed plastically when 
subjected to cold-heading. This bronze had very nearly the chemical 
composition of other material that headed well. Microscopical exami- 
nation showed a large amount of the hard beta component. The material 
smoothes readily and discloses its main structural features with several 
reagents. A light etch with ammonium persulfate solution develops the 
beta as a white constituent forming spider-web areas between the rounded 
alpha crystals. Concentrated nitric acid outlined the grain borders in 
very low relief but failed to differentiate clearly the two constituents. 

The most satisfying result was obtained by dipping the specimen in 
concentrated nitric acid and washing, then dipping for a moment in acid 
ferric chloride solution. The first dip gave a glossy surface with hair- 
fine delineations; the second dip colored the beta dark and made the 
twinnings on the alpha grains more prominent. This experiment suc- 
ceeded so well that prints are given at both 100 and 500 diameters. 


Fig. 7. — Stem op monel metal cap screw. Etched with conc. HNOs + CrO*. 
X 100. SCLEROSCOPE HARDNESS = 28. 

Fig. 8. — Section through roll thread op monel metal cap screw. Etched 
with conc. HNO3 + CrOa- X 100. 

Fig. 9. — Mond-70 wire, 0.368 in. dia. Etched with conc. HNOs + CrO*. 
X 100- ^lbroscope hardness = 19. 

Fig. 10. — ^Leaded brass, smoothed on Tripoli. Not etched. X 100. 

Fig. 11. — ^Tobin bronze, etched 1 sec. in conc. HN0» and 1 sec. in special 
FeCls SOLUTION- X 100. Scleroscope hardness = 20. 

Fig. 12. — ^Tobin bronze. X 500. Same as Fig. 11. 
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The special acid ferric chloride solution used for the etching was made 
up as follows: water, 100 ml.; HCl (cone.), 1 ml.; FeCh (solid), 10 g.; 
CrOa (solid), 1 g. This solution, containing chromic acid to render the 
metal more passive, appears to be an excellent reagent for etching many 
of the more complex bronzes. 

Special Bronzes 

An art bronze only 12 hard by the scleroscope contained numerous 
hard particles that made the finishing of statuettes too diflScult (Fig. 13). 
This bronze contains 4.0 per cent, lead and besides the soft globulites, 
which are mainly lead, there are at least three hard components that are 
in evidence the moment one attempts to cut the material. 

Certain minute but extremely hard and brilliant crystals smooth in 
very high relief in a black, globular constituent. They are probably tin 
oxide. The black constituent is hard and smoothes poorly on the trip- 
oli. The usual bright delta component is hard and maintains its scratches 
in spite of rubbing on tripoli. A magnification of 1000 dia. is suitable to 
characterize these minor components. Fig. 13 indicates the cored 
dendritic features and the complexity of the alloy. 

A bronze used for bearing purposes is shown in Fig. 14. This alloy 
has its delta component augmented and hardened with nickel. This is a 
phosphor-nickel bronze. Mr. Bierbaum, of the Lumen Bearing Co., has 
determined the relative hardness of the matrix and the delta component. 
His micro-character hardness tester determines the delta as 750 hard; the 
matrix is only 75 hard. This alloy reveals its characteristics in many 
reagents but in none better than in the special ferric chloride etchant. 

Phonoelectric bronze is one of the solid-solution alloys available for 
cold-heading purposes. Even when partly tempered by cold-drawing it 
is plastic enough to head well. It has very much the appearance of pure 
copper, but cap screws made of it have a tensile strength of 75,000 lb. 
per sq. in. Fig. 15 shows the elongated crystals in the wire after etching 
with nitric acid containing chromic acid. 

Fig. 13. — Art bronze, etched in special FeCls solution. X 200. Sclero- 
scope HARDNESS = 12. 

Copper 86.0 per cent. Tin. 7 9 per cent. 

Zinc 2 1 per cent. Lead 4 0 per cent. 

Fig. 14. — Phosphor-nickel bronze. Etched with special FeCU solution. X 
500. Scleroscope hardness = 22. 

Nickel 3 5 per cent. Tin 10.6 per cent. 

Lead 2.5 per cent. Phosphorus 0 06 per cent. 

Fig. 15. — Phonoelectric alloy wire, 0.368 in. dia. Etched with conc. HNOj 
+ CrOs. X 200. Scleroscope hardness = 26. 

Fig. 16. — Everdur bronze wire, 0,265 in. dia. Etched with special FeCL 
solution. X 100. ^LEROSCOPE HARDNESS = 37. 

Fig. 17. — Copper with 1.7 per cent, beryllium. Hot-forged, 17 scleroscope. 
Etched with conc. HNOa. X 500, 

Fig. 18. — Cupronickel with 5 per cent, beryllium. Etched with special 
FERRIC chloride SOLUTION AND SLIGHTLY RBPOLISHED. X 100. BrINELL HARD- 
NESS = 302. 
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Everdur is another solid-solution bronze that is strong and plastic. 
Cap screws made of it may have a strength of 90,000 lb. per sq. in. Fig. 

16 is a print of wire suitable for cold-heading. This wire is 37 hard by 
the scleroscope and shows heavily worked and elongated crystals. The 
strain markings and twinnings confuse the structure yet the crystals are 
fairly well distinguished by the special ferric chloride etchant. 

Beryllium Bronzes 

The beryllium bronzes etch readily in several reagents. They 
become possibly too shiny and gl^sy in concentrated nitric acid contain- 
ing chromic acid. They respond to plain concentrated nitric acid in the 
superb way that pure copper does. 

Fig. 17 shows a hot-forged beryllium bronze containing 1.7 per cent, 
beryllium. This was etched with concentrated nitric acid. The beta 
component that was prominent in the cast alloy has been practically all 
absorbed. The material greatly resembles pure hot-forged copper but is 

17 hard by the scleroscope. 

Cupronickels that have been modified by the addition of beryllium 
present a very distinctive and highly interesting series of alloys. Fig. 

18 shows such an alloy containing 5 per cent, beryllium. This alloy is 
in the cast condition. It was etched with the special ferric chloride solu- 
tion and very gently rubbed on tripoli to whiten the alpha dendrites. 
Cupronickel is noticeably resistant to chemical attack but this alloy 
responds instantly. Higher magnification easily resolves the dark ground 
of Fig, 18 into a beautiful eutectic, which is highly susceptible of alter- 
ation by heat treatment. Incidentally, the addition has raised the hard- 
ness of the cast alloy from Brinell 126 to Brinell 302. 

Alpha Brasses 

As might be expected, the single-phase alpha brasses rub to a granular 
surface very easily and with copious black smudge. Their crystals are 
brilliantly outlined by either color boundaries or line boundaries. 

The brass shown in Fig. 19 has been etched with hydrogen peroxide in 
concentrated ammonia solution. The brass shown in Fig. 20 was etched 
in concentrated nitric acid containing chromic anhydride. Two or three 
minutes is required to finish material of this sort for photographing. 

Excellent results are obtained by a dip in concentrated nitric acid and 
then a dip in ferric chloride solution or a few seconds in ammonia 
and peroxide. 

Steels 

The etching of many varieties of steel presents a more difficult 
problem than numerous non-ferrous metals and alloys. 
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jVIost fundamental of all, there appears to be no etchant that wiU 
attack pure iron and its solid-solution alloys as selectively and uniformly 
as an ideal reagent should. A dozen reagents will clear a granular sur- 
face of magnesium and then uniformly and clearly reveal the chief 
structural features. It is doubtful if a single similar reagent is known 
for iron. 

Steel that contains p>earlite and ferrite is easily overetched in the 
pearlitic areas before the crj^stal boundaries of the ferrite appear clearly. 

The problem of surfacing rapidly apparently is further complicated 
in many instances by globulites of cementite dislodging and scoring the 
ferrite during the rubbing. The globulites of cementite may remain 
embedded in a totally false position. 

Tripoli is too soft for very hard metal but this may be partly overcome 
by light etching and repolishing. 

However, many ferrous materials do finish rapidly and well. More 
than likely other workers will devise a technique that will fit all cases. 
The photomicrographs were obtained, of course, by abbreviating the 
mechanical work and without the use of wheels or fabrics. 

The slightly granular surface left by rubbing on tripoli far from 
precludes a study of the defects and inclusions in certain materials. 
Thus, in Fig. 21, the slightly granular surface is not entirely scratch-free 
yet the spot of slag and numerous faint dots of oxide are given in toler- 
ably clear outline. This is a piece of ingot iron. 

, When this surface is lightly etched with nitric or picric acid in alcohol 
the scratches largely disappear and grain borders begin to appear before 
pitting occurs about the dots of oxide. Another piece of ingot iron, Fig. 
22, prepared in a similar way, showed numerous very hard and angular 
crystals embedded in globular drops of oxide. Since the section of the 
hard crystals is slightly higher than the general level of the metal, it was 
necessary to focus on the crystals rather than on the metal. This leaves 
the metallic surface slightly blurred. 

It is also understood that the granulations may be softened, as with 
conical illumination, or intensified by using pinhole illumination. 

There is one more step that may be added to the mechanical smooth- 
ing of the ferrous alloys to partly compensate for the deficiencies of the 
chemical etchants; namely, a final smoothing on one of the still finer 
powders. Washed rouge, alumina and magnesia are available. The 
latter, under the trade name of ^'Shamva/' was used for the final rubbing 
of Fig. 23. 

It should be explained that this last additional rubbing is done on the 
moist and heaped powder, as in the cases of the carbonmdum and tripoli. 
The specimen is not allowed to come in contact with the chamois skin 
that is stretched on the board. Also, the purpose is not to produce a 
burnished surface but merely to smooth preparatory to the chemical 
attack. The final eli min ation of scratches is left for the chemical etchant. 
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This additional smoothing undoubtedly relieves the work of the 
etchant but was not used for preparing the surfaces for the photomicro- 
graphs of Figs. 21 to 36 except in the cases of Figs. 23 and 24. The latter 
shows a section through a low-carbon (0.10 per cent.) steel wire that was 
finished on Sham va and then slightly etched with nitric acid in alcohol. This 
print shows the pearlitic areas already dissolving deeply before the grain 
boundaries are hardly more than indicated. The scratches begin to 
disappear as some of the grain surfaces become noticeably roughened. 

A light etching makes the final rubbing on rouge or Shamva more 
effective, since these soft powders have very little tooth for a surface 
already rubbed. The partial etching allows some of the metal to become 
free, smudge the powder, and hasten the smoothing. 

A surface of ingot iron that was lightly etched and repolished on trip- 
oli before the final etching is shown in Fig. 25. The final etching was so 
light that the crystal boundaries are hardly more than hair lines yet 
the acid has cleared the scratches and left the globules of oxide 
sharply defined. 

A specimen of 0.33 per cent, carbon wire is given in longitudinal 
section in Fig. 26. This is a portion of an ordinary 8 by 10-in. laboratoiy’ 
print made to show the nature of the wire, especially the condition of 
the pearlite, and indicates the extensive spheroidizing of the cementite 
during the annealing. 

Chloric Acid an Etching Reagent 

While searching for a more suitable etchant than the usual nitric 
acid in alcohol or picric acid in alcohol, it was surmised that chloric acid 
might be serviceable. A solution of this acid can be prepared quickly 
by acidifying a saturated solution of potassium chlorate with sulfuric 
acid; ml. of acid in 100 ml. of saturated chlorate solution is an 
active etchant. 

A sample of 0.38 per cent, carbon steel wire, especially annealed for 
cold-heading work, was etched with the reagent. Immersion for only a 
few seconds suflficed to uncover the structure as seen in Fig. 27. 

The same reagent was tried on a 0.90 per cent, carbon die steel, with 
the results seen in Fig. 28. This steel is low in sulfur, phosphorus and 

Fig. 19. — Alpha brass. Etched with conc, NH 4 OH -f-HsOa. X 100. Sclero- 

SCOPE HARDNESS = 19. 

Fig. 20. — Alpha brass. Etched with conc. HNO* + CrOj. X 100. Sclero- 
SCOPE HARDNESS = 14. 

Fig. 21. — Ingot iron. Final smoothing on heaped Tripoli. X 500. 

Fig. 22. — Ingot iron, smoothed on Tripoli. X 500. Crystals of alumina in 
GLOBULES op OXIDE. 

Fig. 23. — Steel wire, 0.10 per cent, carbon. Final smoothing on '‘Shamva.’’ 
X500. 

Fig. 24. — Steel wire, 0.10 per cent, carbon. Finished on Shamya and etched 
1 min. in 0.5 PER cent, HNOs in alcohol. X 500. 
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manganese. Its Brinell hardness is 160. Some portions of the print 
appear hazy; this is caused by waviness of the surface rather than by the 
presence of “unresolvable” aggregate. Proper focusing brings all spots 
to show sharply ordered pearlite. The depth of the chemical attack 
evidently depends on the orientation of the lamellas. 

Preliminary tests indicate that this etchant is not suitable for deeper 
or longer etching. Promiscuous corrosion starts from numerous centers 
much worse than with nitric or picric acids in alcohol. 

Comparison of High and Low Magnifications 

It is interesting to find that specimens prepared without the use of 
wheels appear to as good advantage at high as well as low powers of 
magnification. Another print at 1500 dia. is given in Fig. 29. This is one 
of the newer high-manganese, high-sulfur open-hearth steels as annealed 
for cold-heading operations. The cementite in the pearlite seems to 
be largely in globules and the ferritic areas are relatively large for a 
0.25 per cent, carbon steel. 

The same 0.33 per cent, carbon wire shown in Fig. 26 at 200 dia. is 
given again in Fig. 30 at 3000 dia. The coarse pearlite and the numerous 
spherulites of cementite appear prominently and clearly at this magni- 
fication. Another wire, of the same carbon content, is shown in Fig. 
31 at 3000 dia. This is a normalized material and is 50 points harder 
on the Brinell scale. Each material has its special suitability in cold- 
heading work. 


Unusual Structure in Low-carbon Steels 

During the search for etching reagents most suitable for steel, an 
unusual structure was discovered in certain low-carbon (0.12 per 
cent.) products. 

The particular pieces in question had been quenched from 1500° 
F. and gave a brittle, crystalline fracture. Most of the stock was unques- 
tionably ferrite but the nature of the earlier pearlitic nodules between the 
grains was not at first clear. 

Fig. 25. — Ingot iron, repolished on Tripoli. Etched 2 min. in 0.5 per cent, 
HNO3 in alcohol. X 100. 

Fig. 26. — Annealed steel wire, 0.33 per cent, carbon. Etched with picric 
ACID IN alcohol. X 200. Brinell hardness = 120. 

Fig. 27. — Annealed steel wire, 0.38 per cent, carbon. Etched 10 sec. in 
SATURATED KCIO3 + 0.5 PER CENT. H2SO4- X 500. WiRE 0.600 IN. DIA., BrINELL 
HARDJTESS = 163. 

Fig. 28. — Die steel, 0.90 per cent, carbon. Etched 2 sec. in saturated KClOs 
+ 0.5 PER CENT. H2SO4. X 1500. Brinell hardness = 160. 

Fig. 29.— Steel wire, 0.368 in. dia. Finished on rouge. Etched 1,3 min. 
IN SATURATED PICRIC ACID IN ALCOHOL. LONGITUDINAL, X 1500. SCLEROSCOPE 
hardness = 20. 

Carbon, 0.25 per cent. Manganese, 1.60 per cent. Sulfur, 0.09 per cent. 

Fig. 30. — Steel wire, 0.33 per cent, carbon. Pot annealed. Etched with 
PICRIC ACID IN ALCOHOL, LONGITUDINAL, X 3000. BrINELL HARDNESS = 120. 
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When some of the sections were etched lightly with hydrochloric acid 
in alcohol and examined at 2000 dia. magnification, the real condition was 
disclosed. The heating and quenching had transformed the original 
pearlitic nodules into martensite and troostite. The carbon in the pearl- 
ite had failed to disseminate throughout the ferrite and, in a miniature 
way, had formed the constituents of high-carbon quenched steel in a 
low-carbon matrLx. 

A typical nodule of pearlite as found in the original 0.12 per cent, 
carbon wire is shown in Fig. 32. This amount of carbon may be calcu- 
lated to give about 14 per cent, of pearlite, the 86 per cent, remaining 
being ferrite. 

One of the quenched structures is showm in Fig. 33. The central area 
surrounded by the dark fringe etches in an entirely different manner from 
the surrounding ferrite. The dark fringe dissolves very” easily and is 
evidently troostite or merging into sorbite. 

The dark fringes dissolve quickly in nitric or picric acid in alcohol so 
that in an ordinary etching to bring out the ferrite grains their nature is 
lost. However, later careful etching with the latter reagents gave the 
same results as the discoveiy etch with hydrochloric acid in alcohol. 

Cap screws with the hardened nodules may have a tensile strength 
of 120,000 lb. per sq. in. The original pearlitic wire has about 65,000 lb. 
per sq, in. tensile strength. 

Certain pieces from the same heats contained nodules lacking the 
central martensitic cores. Their strength was under 100,000 lb. per sq. 
in. and their fracture fibrous. The fringe component is present inter- 
spersed with ferrite. One of these nodules is shown in Fig. 34. 

When steel of this same carbon content is heated to 1650° F. and 
quenched, the carbon is found to have been uniformly dispersed and to 
separate in a form resembling troostite, but in thin plates and in definite 
patterns. The patterns probably follow certain crystal planes of the 
transient gamma ferrite solid solution. 

This condition is shown in Fig. 35. This sort of structure gives cap 
screws that have a fibrous fracture, excellent elongation and tensile 


Fig. 31. — Steel wire, 0.33 per cent, carbon, normalized. Etched with picric 
ACID in alcohol. LONGITUDINAL, X 3000. BrINELL HARDNESS == 170, 

Fig. 32. — Pearlite in 0. 12 per cent, carbon steel. Etched with picric acid in 
ALCOHOL. X 2000. Brinell hardness = 120. 

Fig. 33. — Nodule in quenched 0.12 per cent, carbon steel. Etched with 
HCl IN alcohol. X 2000. Crtstal op martensite (center) surrounded by 
troostite (dark) . Brinell hardness = 170. 

Fig. 34. — Nodule in quenched 0.12 per cent, carbon steel. Mixture of 
troostite and perrite. Etched with picric acid in alcohol. X 2000. Bri- 
nell HARDNESS = 150. 

Fig. 35. — Quenched 0.12 per cent, carbon steel. Heated to 1650® F. 
BEFORE quenching. ETCHED WITH PICRIC ACID IN ALCOHOL. X 2000. TrOOSTITE 
DISPERSED IN FERRITE. BrINELL HARDNESS = 130. 

Fig. 36. — Steel containing 0.12 pee 'cent, carbon. Quenched from 1500® 
F., then annealed. Etched with picric acid in alcohol. X 2000. Cbmen- 
tite largely coalesced. 
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Strength of alxiiit 90,000 lb. per sq. in. Quenching from yet higher temper^ 
atures develops the low-carbon martensites described by Dr. Jeffries.® 

Behavior of Martetisitic Xodules on Annealing 

A final observation relates to the behavior of the martensitic nodules 
on annealing. They tend to revert to massive cementite instead of to 
pearlite. Frequently the cementite is found entirely massive and simply 
embedded in the ferrite. Sometimes the pearlite persists merely as a 
core surrounded by a shell of cementite. 

Fig. 36 has been selected to show both conditions. Some of the 
cementite is massive, some shows slight dispersion, and some spots have 
rims of cementite about a pearlitic core. The massive cementite always 
occupies a space strikingly smaller than the original pearlitic nodule. 

The discovery of this specific cause for the brittleness of quenched 
low-carbon steel has considerable significance for plants treating this 
sort of steel The cause for a very disagreeable property in the steel is 
plain and steps can be taken to prevent its occurrence. 

With the usual etching and low magnification these quenched struc- 
tures are easily passed off for pearlite. The more delicate etching with 
hydrochloric acid in alcohol and the higher magnification instantly 
disclosed the actual condition. 

The photomicrographs of Figs. 25 to 36 are from specimens pre- 
pared in the rapid way with the final smoothing on tripoli. 

DISCUSSION 

F. H. Clark, New Yoik, N. Y . — 1 would like to ask the author what kind of tripoli 
powder he uses and to what extent, if any, these berj^Uium-copper alloys are being 
used commercially. 

H. B. PcxsiFER. — I have found it essential to use the finest abrasive that can be 
procured and to give, it additional washing in the laboratory. The sharp cutting 
qualities of the carborundum poTvder add greatly to the effectiveness of the hand 
method of smoothing. This powder is the finest grade made by the Carborundum 
Co. and is further suspended and washed until it produces no large scratches 
on the specimens. 

The same method of preparation applies to the tripoli powder. No particular 
brand is used. The ground tripoli obtained in bulk is simpl 3 " given six successive 
one-minute suspensions in w^ater and settled for use. The material prepared in this 
way will not give an\’ coarse scratches when used damp and heaped on chamois skin. 

As regards the use of the berj^Uium alloj^s, onl^^ the announcements have been 
made that the addition of berj^Uium to nickel and copper alloys makes the most strik- 
ing change in properties. Although the Brinell hardness may be extremel}" high, it is 
not knoum that any commercial uses have yet been made of the alloy’s. 

* Za 3 " Jeffries; A CJontribution to the Theory of Hardening and the (Constitution 
of Steel. Trans, Amer. Soc. Steel Treat. (1928) 13, 369. 



Treatment and Structure of Magnesium Alloys 

By John A. Gann,* Midland, Mich. 

(Philadelphia Meeting, October, 192S) 

The following investigation constitutes a brief rfeum6 of the more 
important binary magnesium alloys from the standpoint of metallo- 
grapbic technique, and the effect of heat treatment on structure and 
properties. The comparative newness of the subject justifies this 
procedure as a preface to a more detailed study of each individual series 
of alloys. 

The work was started with the idea of practical application in the 
industry rather than as a theoretical investigation. The alloy composi- 
tions studied were selected as those most likely to show whether heat 
treatment would produce beneficial results. Furthermore, it was con- 
sidered satisfactory to use commercial 99.9 per cent, magnesium, the 
best commercial grade of alloying ingredients, and to limit the time of 
heat treatment at the e.xpense of incomplete equilibrium. These facts 
must be kept in mind when examining the results obtained, and the 
conclusions drawn. 


Prepaeation of Alloys 

All melts were made in an oil-fired cast-steel pot, appro.ximately 12 
in. dia. by 12 in. deep. Approximately 15 lb. of flux and 50 lb. of 
magnesium were melted and the calculated amount of alloying metal 
was added. After thorough alloying and puddling, the metal was chill 
cast in a graphite mold with four }-2 by H by 4 in. bars fed from a com- 
mon sprue and runner. The next higher composition alloy in a given 
series was made by adding the calculated amount of metal to the heel 
from the preceding cast. The pot was thoroughly cleaned after each 
series and new flux then introduced, thus avoiding possible contamination 
from earlier melts. The percentage compositions given in Table 1 are 
the calculated values. While not aU alloys were analyzed, enough were 
checked to indicate that the reported compositions are correct to a few 
tenths of one per cent. A -more detailed description of the foundry 
methods employed has been given in a previous paper. ^ 

* Metallurgist, The Dow Chemical Co. 

* J. A. Gann and A. W. Winston: Magnraium and Its Alloys. Ind.d Eng. Chem. 
( 1927 ) 19 , 1193 . 
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Table 1.— Specimen Record and Heat-treating Schedule 

Solution Heat Treatment, 
Temperature ° C 


C<)iiipo6ition dumber* 





A 

B 

C 

Mu (Commcmal) 


4.3S5 

300 

510 

520 

M«-4 Cd . 


4392 

450 

460 

470 

Mk-H Cd 


4393 

450 

460 

470 

Mk- 12 Cd 


4394 

450 

1 460 

470 

Mr-4 A1 


43S6 

390 

400 

410 

Mr-*> A1 


43S7 

390 

400 

410 

Mg-S A1 


43SS 

390 

400 

410 

Mg-lOAl ... . 


43S9 

390 

400 

410 

Mg-13 Al 


4390 

390 

400 

' 410 

Mf-B Al 


4351 

Sand cast 



Mg-S Al 


185-5 

Sand cast — 

Sol. H. T 2 hr at 800° 



Furnace cooled 


Mg-1 Zn . 


4428 

300 

310 

320 

Mf-2Zn , 


4429 

300 

310 

320 

Mg-4 Zn . . 


4430 

300 

310 

320 

Mg-6 Zn 


4431 

300 

310 

320 

Mg-S Zn . 


4432 

300 

310 

320 

Mg-i Sn . . 


4413 

450 

460 

! 470 

Mg-2Sa... 


4414 

450 

460 

: 470 

Mg-4 Sn 


4415 

; 450 

460 

! 470 

Mg-8Sn 


4416 

450 

460 

470 

Mg-8 Sn . . 


4417 

450 

460 

470 

Mg-0.1 Mn. 


4409 

500 

510 

520 

Mg-0 2 Mn . . 


4410 

500 

510 

520 

Mg-0 4 Mn 


4411 

500 

510 

520 

Mg-1.0 Mn. 


4412 

600 

510 

520 

Mg-0 25 Cu.. 


4397 

420 

430 

440 

Mg-0.50 Cu . . . 


4398 

420 

430 

440 

.Mg-1 Cu 


4399 

420 

430 

440 

Mg-2Cu , ... 


4400 

420 

430 

440 

Mf-4 Cu 


4401 

420 

430 

440 

Mg-8Cu . , 

. . , 

4402 

420 

430 

440 

Mg-0.25Ni . . . 



4403 

440 

450 

460 

Mg-0 50 \i . , . 

. . . . 1 

4404 

440 

450 

460 

Mg-1 Ni ... 

1 

4405 

440 1 

450 

460 

Mg-2 Ni 

. . . 1 

4406 

440 ! 

450 

460 

Mg-4 Ni . 

1 

4407 

440 i 

450 

460 

Mg-8Ni ... . 


4408 i 

1 

440 1 

1 

450 

460 


* Specimen numbers without dash numbers refer to the cast condition. 

—30 12 hr. at temp. A -f- 12 hr. at B 12 hr. at C — quenched in water 

— 31 Solution treatment as for —30, plus 8 hr. at 150° C. 

— 32 Solution treatment as for —30, plus 24 hr at 150° C. 

— 33 Solution treatment as for —30, plus 72 hr. at 150° C, 

— 35 Solution treatment as for —30, plus 8 hr at 250° C, 

-36 Solution treatment as for —30* plus 24 hr. at 250° C. 

— 37 Solution treatment as for —30, plus 72 hr. at 250° C. 

— 37a Treatment as for —37 plus 24 hr. at 300° C. 
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Heat Treatment 

All alloy compositions investigated were submitted to a solution heat 
treatment and to a solution plus precipitation heat treatment. These 
operations were conducted in an automatically controlled electric furnace. 
The solution-heat-treated specimens were quenched in cold water, 
while air cooling was considered satisfactory after the precipitation 
heat treatment. Because of the slight oxidation that occurred on 
certain alloys, all specimens had He of metal machined off the faces 
used for structural and hardness investigations. 

Specimens were solution-heat-treated for 12, 24, and 36 hr. at the 
temperatures given in Table 1. In many instances it was not feasible to 
heat-treat the alloy at a temperature close to the eutectic melting point. 
This was particularly true with alloys having high-melting eutectics. 
Many magnesium alloys are characterized by the fact that they will 
withstand a given temperature for a moderate time, but oxidize badly if 
held at this same temperature for a much longer period. The tempera- 
tures used were chosen after a preliminary survey to determine the safe 
upper limits f6r prolonged heating. Maximum changes in structure and 
properties were obtained in samples subjected to 36-hr. solution heat 
treatment, although in some of the compositions of lower percentage this 
optimum effect was reached in a somewhat shorter time. 

Precipitation or aging treatments at 150° and 250° C. for 8, 24, and 
72 hr. were given after each of the above solution heat treatments. 
Where this aging was effective, maximum hardnesses were obtained on 
specimens that had been given the longer solution heat treatment. For 
the sake of brevity, the only results here given are on specimens solution- 
heat-treated 36 hr., followed by the various precipitation heat treat- 
ments. 


Hardness Determinations 

The hardness test was selected as the most satisfactory method of 
indicating changes in properties, especially those due to precipitation 
heat treatment. The Brinell hardness determination on magnesium 
aUoysis not as accurate as desired, on account of the coarse grain structure 
and the eUiptical or irregular impressions sometimes produced. This is 
particularly true in the softer alloys and those of lower percentage com- 
position. Much greater accuracy is here obtained with the Rockwell 
machine. These facts, coupled with the relative speeds of making 
determinations by these two methods, seemed to justify the use of the 
Rockwell test in this work, even though it thereby precluded a direct 
comparison with most of the existing hardness data on magnesium 
alloys. This problem was finally settled after it had been established 
that a definite relationship existed between the results obtained by the 
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Table 2.~RockweIl “J?” Hardness Determinations 

I Treatment 
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Table 3. — Brinell Hardness 


Derived from Rockwell Determinations 


0 0 n i 1 1 1 011 




Treatment 





Cast 

-30 

-31 

-32 

-33 

-35 

-36 

-37 

Mg (Commercial) 

34.7, 

36 5 

36.0 

36.3 

36 5 

36 1 

36 0 

35 5 

Mg-4Cd 

36.5 

38 5 

37.5 

39.0 

37.8 

38.5 

38.0 

37 2 

Mg-8 Cd 

37.8 

39 0 

: 39 0 

39.0 

38.5 

38.7 

39.2 

38.0 

Mg-12 Cd 

40.3 

40.3 

40 3 

41.1 

41.1 

40 3 

40.3 

39.8 

Mg-4 A1 

42.5 

41 5 

. 41 5 

42.2 

41.8 

' 41.5 

41 1 

41.5 

Mg-6 A1 

46.0 

44.8 

45 2 

46 0 

46.0 

45 6 

45 6 

45.6 

Mg-8 A1 

51.8 

51.0 

51 8 

60.5 

72 6 

66.2 

66 2 

61.5 

Mg-10 A1 

62 8 

54 1 

63.9 

88.0 

88.0 

75.8 

75.8 

72.6 

Mg-13A1 

70 0 

67 4 

80 0 

99.0 

100.8 

85.0 

86 5 

81.8 

Mg-1 Zn 

36 3 

38 7 

39.0 

39 0 

39 2 

38 5 

38 2 

37.5 

Mg-2 Zn. 

38 7 

39 5 

41 1 

41 5 

41 8 

39 2 

39 0 

39.0 

Mg-4 Zn 

42 8 

42 2 

45.6 

53 3 

56 7 

42 5 

43 5 

42.8 

Mg-6 Zn 

47.3 

45 6 

56.7 

72.6 

71 3 

50.5 

49.9 

48.9 

]Mg-8 Zn 

48.9 

47 9 

70.0 

72 6 

75 8 

52.5 

52.5 

49.9 

Mg-1 Sn 

36 0 

38 2 

37 2 

36.5 

36 5 

36 1 

35.0 

34,5 

Mg-2 Sn 

, 36.3 

36.5 

; 37.8 

37.5 

37.2 

37 0 

36.3 

36.8 

Mg-4 Sn 

37 8 

38.0 

38 0, 

38 2 

38.2 

1 37.2 

38.2 

39.0 

Mg-6 Sn 

1 39.5 

40 5 

1 40.5’ 

39.5 

39.5 

40 0 

40.8 

41.5 

AIg-8 Sn 

42 2, 

41 5 

; 41 8 

41.1' 

40.3 

40.8 

41 8 

45.6 

Mg-0,1 Mn 

37.0 

38 2 

1 37 8 

37 2 

37 5 

36 3 

36 1 

36.0 

Mg-0.2 Mn 

37.5 

38.0 

i 37.5 

37 0, 

37.2 

36.8 

37.2 

37 2 

Mg-0.4Mn. 

37.2 

37 0 

! 36 8' 

36 3' 

36.8 

36 1 

36 5 

36 8 

Mg-1 Mn 

36.8, 

38.0 

! 38.7 

1 1 

37.5; 

37 0 

36 8 

36 1, 

36 3 

Mg-0.25 Cu . 

38.2 

38 5 

' 38.2 

37.8 

37.5, 

36 3 

36 5 

37 2 

Mg-0.50Cu.. . . 1 

1 40,5 

39 2 

, 38 0 

38 o: 

37.5 

37 0 

36 31 

36 5 

Mg-1 Cu . . . 

39.0 

39 0 

' 38.21 

38.2 

37 8 

37 0 

37 0| 

37.5 

Mg-2 Cu 

40.81 

39 5 

1 38.5 

39.0 

38 2 

38 0 

38 0 

37.8 

Mg-4 Cu 

; 41.8; 

40.3 

40.0 

39.8 i 

39 8 

; 39 2 

39 0 

39 2 

Mg-8Cu. 

52 5' 

45 6 

44.3 

44 0 

44 O! 

1 

44.0 

t 1 

42 8 

43 5 

Mg-0,25 Xi 

35.0 

36 5 

35,5 

35.5 

1 

35 5j 

[ 35.0 

35 0 

34 7 

Mg-0.50 Xi. . 

37 2, 

37.2 1 

i 36.1 

36.3 j 

36 51 

1 

; 36.1 

35 0! 

35.5 

Mg-1 Ni 

37.51 

38.7 1 

37 2 

36 8| 

36 5' 

36.5 

36.8 

36 5 

Mg-2 Ni 1 

39.5' 

39.2 

1 39.0 

38. 7i 

38 7 

37 a 

38 5 

38.2 

Mg-4 Ni 

42.8^ 

40.0 

40 0‘ 

39.8! 

40.0 

40.0 

39 8; 

[ 39.8 

Mg-8Ni 

50 5 

45.6 

1 

44. Sj 

43 1; 

44.3 

44.3, 

1 

44.8 

44.3 
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two methods, and that the accuracy of the Brinell hardness values as 
derived from the Rockwell results were independent of the composition 
or heat treatment of the magnesium alloy.- The original Rockwell 
hardness data are given in Table 2, and the corresponding Brinell hardness 
values in Table 3 . 

Increasing the percentage of the added ingredient increases the hard- 
ness of the alloy in both the cast and heat-treated conditions. Solution 
heat treatment has little or no effect on the hardness of low-percentage 
alloys. The small changes here reported are probably due to a combina- 
tion of factors, including variations in grain size and small structural 
changes similar to those described below. The most pronounced effects 
occur in the higher percentage aluminum, copper, and nickel alloys. 
The softening in the magnesium-aluminum series is due to the solution 
of the magnesium-aluminum eutectic, while in the magnesium-copper 
and magnesium-nickel series, it is due to a spheroidizing of these eutectics. 

Age-hardening phenomena are observed in the higher percentage 
magnesium-aluminum, magnesium-zinc, and magnesium-tin alloys, 
where increases in Brinell hardness of 45, 55, and 8 per cent, respectively 
were obtained. Maximum hardness in the magnesium-aluminum and 
magnesium-zinc alloys occurred after 72 hr. at 150° C., although practi- 
cally the same hardness was obtained after 24 hr. at the same temperature. 
Aging at 250° C. caused further growth or coalescence of the precipitated 
particles which lowered the hardness and affected the microstructure. 
The precipitation in the magnesium-tin alloys appeared to proceed more 
slowdy, requiring a higher temperature and longer time. 

Metallography 


The grinding and polishing of specimens was carried out on rotating 
wheels as follows: 


Cloth 

AbEASIV’E 

Speed 

R P M. 

Aloxite Xo. 1^2 


750 

750 

750 

500 

400 

300 or 150 

Aloxite No. 150 


Canvas 

XF AJundum 

Velvet 

XF Alundum 

Velvet 

... 600 AJundum 

Velvet 

Levigated Alumina 


The alumina is suspended in 0.001 normal NaOH in order to reduce 
tarnishing. A dilute soap solution is added to the velvet wheels as 
needed, in order to prevent seizing of the specimens. It has been found 
desirable to rotate the specimens during polishing. The shorter the 
time on the alumina wheel the less is the relief polish and the sharper are 
the outlines of the compound particles. After rinsing off any adhering 
polishing compound, the specimen is transferred directly to the etchant 

* Detailed data covering this relationship will be published later. 
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without drying (except in the case of nonaqueous etchants). The speci- 
men is continuously^ shaken in the etchant, or gently swabbed with a tuft 
of cotton. In either case, the surface of the specimen should be com- 
pletely immersed. After washing in running water the specimen is 
rinsed in acetone and dried in a blast of warm air. 

The various structural details of magnesium alloys are developed to 
different degrees by each etching reagent. Table 4 gives a general 
resume of the tendencies obtained by several operators. The conclu- 
sions stated here refer primarily to the cast alloys, since heat treatment 
may not only remove coring and dissolve a constituent, but may also 
change the detail in the groundmass and permit the development of 
sharp grain boundaries. In this work, groundmass detail includes coring 
effects, evidences of precipitation from solid solution, and the delinea- 
tion of twins. The amount of alloying metal present is likewise impor- 
tant. In low percentage eutectic-forming alloys, the added metal often 
appears as indi\idual, well defined, intermetallic compound crystals. 
No true eutectic structure is seen except in higher percentage alloys. 
The term “eutectic” in Table 4 refers to the form the added metal may 
take, such as compound, eutectic, or possibly elementary metal in the 
case of manganese. 

Etching stains are very common in magnesium alloys, particularly 
those containing the heavy metals — cadmium, tin, and nickel. This 
phenomenon is due to a solution of such metal by the etchant, followed 
by contact plating on the magnesium-rich portioixs of the structure, and 
becomes more pronounced as the percentage of the added metal increases. 
In some cases the contact plate adheres firmly, but is so thin that it does 
not completely conceal the microstructure. In other instances it is so 
coarse and loosely held that its formation is largely prevented by swab- 
bing with cotton or by etching in more concentrated acid where the violent 
gas evolution retards its formation. 

Twins occur in large numbers in magnesium aUoys. They are most 
abundant in low-percentage alloys, and are observed least often after 
solution heat treatment, and where compound precipitation and growth 
has proceeded far enough to affect the microstructure. This lack of 
visibility does not prove their absence. They are undoubtedly con- 
cealed by fine structural detail, the same as in commercially pure mag- 
nesium, where an etch that shows coring or dendritic segregation gives a 
poor delineation of twins. 

Meissner, Hanson and Schmidt® have observed these twins in mag- 
nesium-zinc aUoys subjected to precipitation heat treatment and Schmidt 
believes that “the parallel lines are twin lines caused by inner stresses 
due to the age-hardening effect, the mechanism of which has not yet been 

* K. L. Meissner; Reply to discussion on Age-hardening Tests with Elektron Alloys. 
Jnl. Inst. Met. (1927) 38, 216. 
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Table 4. — Etching Behavior of Cast Magnesium Alloys 


Etchant 


2 Per 
Cent 
HXOi 


2 Per 1 Per 2 Per 2 Per Cent 10 Per 
Cent Cent Cent HXO3 i Cent. 
HCl HsSO^ H5C2O4 (AlcohoUc) | XH4CI 


AUoy 

Mtujnmum 

Ctrmin boundarif** 

Conuf 

Eutectic 

Ground mftiMt detail 

f^taininx 

Recommended 

Grain boundaries 
Conn* 

Eutectic 

Groundmaas detail 

Staininff 

Recortiriiendf-d 

Afagnf*iu m~hl u mi n u m 
Gram boundaries 
CoTintc 
Eutectic 

Ctroundma'V detail . 

Htaimng 

Recommended 


jbra(rnc«tufii-ziife 
Grain boundaries 
Cormic 
Eutectic,. 

Groundmaae detail . 
Staining ... 
Recommended . 


Jbfivaeatum-iin 
Grain boundaries 
Coring 
Eutectic 

Groundmass detail 
Staining . 
Recommended.. 


MiiiiTiffium-mangnnt^ie 
Ciram boundanes 
Coring. 

Eutectic. , ... 

GroundmasB detail 
Staining. 
Recommended. 


Magn e«i u m~capper 
Gram boundaries . , 

Coring 

Eutectic ... 
Groundmass detail , 
Staimng . 

Recommended 

Magnesium^mckf! 

Gram boundaries . . 

Coring 

Eutectic 

Groundmass detail 
Staining. ... 
Recommended .... 


Sharp 

Sharp 

Sharp 

' Sharp 

Some 

Some 

' Some 

' Some 

None 

None 

' None 

, None 

Good 

' Good 

Good 

' Good 

None 

None 

None 

None 

Yes 

Yes 

Yes 

' Yes 

None 

None 

Faint 

None 

Strong 

Strong 

Strong 

Strong 

None 

None 

, None 

None 

None 

None 

Fair 

None 

Strong 

Strong 

Some 

Strong 

No 

No 

Yes 

; No 

Some 

Some 

Some 

Sharp 

Strong 

Some 

i Some 

Some 

Good 

Good 

Good 

Good 

Good 

, Poor 

Poor 

Fair 

None 

' None 

None 

None 

Yes 

1 Yea 

Yes 

Yea 

Faint 

i 

None 

None 

None 

Some 

Some 

Strong 

Strong 

Good 

Poor 

Fair 

Good 

Fair 

Poor 

Fair 

Fair 

None 

Strong 

Some 

Some 

Yes 

No 

No 

No 

None 

1 None 

! None 

Faint 1 

Some 

1 Some 

' Some 

Some 

Poor 

1 Poor 

Fair ! 

Poor 

None 

None 

None 1 

Poor 

Some 

' Some 

' Some 

Some 1 

No 

. No 

1 

‘Yes ‘ 

No ' 

1 

Sharp 

. Sharp 

, Sharp 

1 

Sharp I 

Some 

' Some 

Some 

Strong 1 

Good 

1 Good 

Good 

Poor 

Fair 

Fair 

Fair 

Fair 

None 

None 1 

None 

None 

Yes 

Yes 

Yes 

Yes 

None ! 

None 1 

None 

None 

None 

None 1 

None 

None 

Good 

Good ! 

Good 

Fair 

Fair 

Fair i 

Fair 

Fair 

None 

None , 

None 

None 

Yea 

Yes 1 

Yes 

Yes 

None 

None i 

None 

None 

None 

None i 

None 

None 

Good 

Poor 

Poor 

Good 

Fair 

Poor 

Poor 

Fair 

None 

Strong 

Strong 

None 

Yes 

No 

No 

Yes 


Sharp 

None 

None 

Fair 

None 

Yes 


None 

Strong 

None 

None 

Strong 

No 


Some 

Some 

Good 

Good 

None 

Yes 


Faint 

Some 

Good 

Fair 

None 

Yes 


None 

Some 

Fair 

None 

Some 

Yes 


Sharp 

Some 

Good 

Fair 

None 

Yes 


None 

None 

Good 

Fair 

None 

Yes 


None 

None 

Good 

Fair 

Some 

No 


Sharp 

None 

None 

Fair 

None 

Yes 


I Faint® 

! Strong 
i None 
I Fair 
! Some 
! Yes 


None 

Some 

Poor 

Fair 

None 

No 


None 

None 

Good 

Poor 

None 

No 


1 None 
{ Some 
I Fair 
1 None 
I Some 
' Yes 


! Sharp 
I Some 
1 Good 
1 Fair 
I None 
Yes 


None 

None 

Poor 

Poor 

Strong 

No 


None 
None 
I Poor 
{ Poor 
I Strong 
! No 


« 10 per cent, NH4NOS. 

* 2 per cent, alcoholic HCl. 


fully explained. We agree that alloys thus treated contain many twins, 
but cannot accept their view as to the cause. In the first place, these 
twins occur in magnesium alloys that do not age-harden, and are most 
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abundant in pure magnesium. Again, annealing at age-hardening tem- 
peratures instead of producing strains should relieve those already 
existing. A satisfactory explanation for this phenomenon is to consider 
that this structure is due to annealing twins. The quenching operation 
following solution heat treatment subjects the metal to suflScient strain 
to cause their formation when the metal is subsequently heated. It is 
true, these twins are often produced without this heating step. It 
appears probable that an exceedingly small amount of strain followed 
or accompanied by an exceedingly small amount of heating is sufficient 
for their development. 

Magnesium 

The structure of magnesium has been discussed in considerable 
detail by Pulsifer^ and by the author® in his discussion of Pulsifer’s paper. 



Fig. 1. — Magnesium No. 4385. X 200, Chill cast. Etched 10 per cent. 

NH4NOa. 

Inasmuch as the pure metal is not susceptible to heat treatment, it has 
been considered satisfactory for our present purpose to reproduce but one 
photograph of pure magnesium. 

Fig. 1 shows a sample of chill-cast magnesium etched 45 sec. in 10 
per cent, ammonium nitrate. It shows all the structural features occur- 
ring in pure magnesium, with the exception of dendritic coring as devel- 
oped by long etchings in ammonium salts, or a short-time etch in dilute 

* H. B. Pulsifer: Magnesium — Its Etching and Structure. Proc. Inst. Met. Div, 
(1928) 461. 

* J. A. Gann; Discusaon of paper by H. B. Pulsifer. Idem,, 477. 
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TREATMENT AND STRUCTURE OF MAGNESIUM ALLOYS 



Figs, 2-9. — (Captions on opposite page.) 
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acid. This particular field was selected largely because of the twins 
present. We have occasionally observed what appeared to be a single 
twin jumping across a crystal boundary, but it was thought that this 
phenomenon might be due to an accidental arrangement of two twins in 
adjacent crystals. In this particular instance, however, three well 
defined parallel twins cross a given crystal boundary. The largest one 



Fig. 10. — Mg-4Al, No.4386. X200. Chill cast. Etched 2 per cent. HNOi. 

Fig. 11. — Mg-8 Al, No.4388. X200. Chill cast. Etched 2 per cent. HNOa. 

Fig. 12. — Mg-13 Al, No.4390. X200. Chill cast. Etched 2 per cent. HN0|. 
Fig. 13, — Mg-6 Al, No. 4351. X200. Sand cast. Etched 2 percent. H5C2O4. 


shown in the photograph likewise crosses two crystal boundaries and 
appears to terminate in an isolated portion of the crystal containing . 
most of this twin. 


Fig. 2. — Mg-4 Cd, No. 4392. X 200. Chill cast. Etched 2 per cent. HiS04 
Fig. 3. — Mg-8 Cd, No. 4393. X 200. Chill cast. Etched 2 per cent. HsS04. 
Fig. 4. — Mg-12Cd, No.4394. X200. Chill cast. Etched 2 per cent. HjSO 4 . 

Fig. 5. — Mg-4 Cd, No. 4392. X 200. Chill cast. Etched 10 per cent. 
NH4NOS. 

Fig. 6. — Mq-12 Cd, No. 4394-30. X200. Solution he at treatment. Etched 

2 PER cent. H2SO4. 

Fig. 7. — Mg-12 Cd, No. 4394-32. X 200. Precipitated at 150“ C. Etched 
2 per cent. HsS04. 

Fig. 8. — Mg-12 Cd, No. 4394. X200. Chill cast. Etched 2 per cent. HNO3. 

Fig, 9. — Mg-12Cd, No.4394. X200. Chill cast. Etched 25 pee cent. HN0». 
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MAGNESIUM-CAl>MirM AlLOYS 

The structures of the 4, 8 and 12 per cent, cast cadmium alloys, 
etched with 2 per cent, sulfuric acid, are reproduced in Figs. 2, 3, and 4. 
Within the range investigated these alloys form a complete series of 
solid solutions, and are characterized by pronounced coring and staining. 
The small amounts of impurities are exaggerated by the staining effects. 
Ammonium nitrate does not stain as much as most acids, and therefore 
better reveals the grain boundaries and twins (Fig. 5). 

The solution heat treatment removes coring in all compositions 
examined. Twins are indistinctly seen through the stain film in the 
precipitation-heat-treated 42 per cent, alloy (Fig. 7), but are well defined 
in the corresponding solution heat-treated alloy (Fig. 6j. 

Fig. 8 represents the 12 per cent, cadmium alloy etched with 2 per 
cent, nitric acid. In some of the adjacent fields, this structure was 
approximately reversed on account of excessive staining, with the result 
that the center of the cored crystal was dark, and the periphery light. A 
tendency toward this staining reversal is shown in Figs. 4 and 8. Fig. 
9 shows the same 12 per cent, cadmium alloy etched in 25 per cent, 
nitric acid. While there is still considerable staining, the action of the 
acid was sufficiently violent to prevent a continuous adhering film, with 
the result that the true structure of the alloy is more accurately portrayed 
than with the more dilute acid. 

Magnesium-aluminum Alloys 

The magnesium-aluminum alloys constitute the most important 
binary magnesium series, and as a result have been the subject of 
numerous investigations. Hanson and Gaylor® determined the constitu- 
tional diagram for the entire series. The solid solubility of aluminum 
in magnesium has been more accurately studied by Schmidt,’' who con- 

® D. Hanson and L. V. Gayler; The Constitution of the Alloys of Aluminum and 
Magnesium. Jni. Inst. Met. (1920) 24, 201. 

^ W. Schmidt: Beitrag zur Kenntnis der hochprozentigen Magnesiumiegierungen. 
Ztsck. f. MetaUkunde (1927) 19, 452- 

Fig. 14. — Mg-8 AlL, No. 4388-30. X200. Solution heat treatment. Etched 

5 PER cent. HNOs. 

Fig. 15. — Mg-8 Al, No. 4388-32. X 200. Precipitated at 150° C. Etched 
0.5 PER CENT. HNOj- 

Fig. 16. — Mg-8 Al, No. 4388-36. X 200. Precipitated at 250° C. Etched 
0.5 per cent. HNO*. 

Fig. 17. — Mg-8Al, No. 4388-37 A. X 1000. Precipitated at 300° C. Etched 
0.5 PER cent. HNOs. 

Fig. 18- — Mg-13Al, No. 4390-30. X200. Solution heat treatment. Etched 
5 PER CENT. HNOs. 

Fig. 19. — Mg-13 Al, No. 4390-32. X 200. Precipitated at 150° C Etched 
0.5 PER cent. HNOs. 

Fig. 20. — Mg-13 Al, No. 4390-36. X 200. Precipitated at 250° C. Etched 
0.5 per cent. HN0». 

Fig. 21. — Mg -8 Al, No. 185-5. X 200. Solution heat treatment, furnace- 
cooled. Etched 2 per cent. HNO 3 . 
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eludes that the limits are 11 per cent, at the eutectic temperature 436° 
C., and about 7.5 per cent, at room temperature. Property changes due 
to heat treatment have been reported by Stoughton and Miyake, « and 
Meissner.® The microstructural changes due to heat treatment have 
been studied by numerous investigators, particularly by Schmidt. In 
general, our data confirm the work of the above observers both as to 
structure and hardness. 

The microstructures of chill-cast alloys containing 4, 8, and 13 percent, 
aluminum are shown in Figs. 10 to 12, inclusive. Nitric acid etching reveals 
the coring surrounding the AlaMgs compound particles. Most of these 
particles are so small that they do not stand out clearly except in the 13 
per cent, alloy. In many respects, this is the most satisfactory etch for 
these alloys. Oxalic acid has the advantage over nitric acid in that it 
more often reveals the grain boundaries, but at the expense of coring 
(Fig. 13). This photograph shows that under certain cooling conditions 
a true eutectic structure may be formed in place of the individual com- 
pound crystals of Fig. 12. 

The structural changes due to the heat treatment of the 8 per cent, 
alloy are shown in Figs. 14 to 17 and Fig. 21. Solution heat treatment 
gives the solid-solution structure shown in Fig. 14. Aging at 150° C. 
causes a precipitation of the AUMgs compound in those areas richest in 
aluminum, which are indicated by the dark sections in Fig. 15. These 
dark areas have a sorbitic appearance with a tendency toward a lamellar 
pearlitic structure. The apparent clearing up of the groundmass in Fig, 
15 is due to a lighter etch. The solution-heat-treated specimen of Fig. 
14 was etched in 5 per cent, nitric acid, while the specimens in Figs. 15 
to 17 were etched in 0.5 per cent, nitric acid. Annealing at a higher 
temperature, 250° C., appears to cause precipitation throughout most 
of the specimen, giving the pearlitic structure shown in Fig. 16. Anneal- 
ing at 300° C. causes additional coalescence, and results in the structure 


*B. Stoughton and M, Miyake: Preliminarj" Study of Magnesium-base Alloys. 
Trans. (1926) 73, 541. 

® K. L. Meissner: Age-hardening Tests with Electron Alloys. Jtd. Inst. JVIet. 
(1927) 38, 195. 


Fig. 22. — Mg-4Zn, No.4430. X 200. Chill cast. Etched 2 per cent. HNO 3 . 
Fig. 23. — Mg-6Zx, No. 4431. X 200. Chill cast. Etched 2 per cent. HNO*. 
Fig. 24. — Mg-8 Zn, No. 4432. X 200 . Chill cast. Etched 2 per cent. HNO*. 
Fig. 25. — Mg-4 Zn, No. 4430-36. X 200. Peecipitated at 250° C. Etched 
2 PER CENT. HNO 3 . 

Fig. 26. — Mg-6 Zn, No. 4431-30. X200. Solution heat treatment. Etched 

2 per cent. HNO3- 

Fiq. 27. — Mg-6 Zn, No. 4431-32. X 200. Precipitated at 150° C. Etched 
2 per cent. HNO3. 

Fig. 28. — Mg-6 Zn, No. 4431-36. X 200. Precipitated at 250° C. Etched 
2 PER CENT. HNO*. 

Fig. 29. — Mg-6 Zn, No. 4431-37 A. X 200. Pregipit.^ted at 300° C. Etched 
2 PER CENT. HNO*. 
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Fig. 30. — Mg-1 Sn, No. 4413, X 200. Chill cast. Etched 2 per cent. alc. 
HNOj. 

Fig. 31. — Mg-4 Sn, No, 4415. X 200. Chill cast. Etched 2 per cent. alc. 
HNO|. 

Fig. 32. — Mg-8 Sn, No, 4417, X 200. Chill cast. Etched 2 per cent. alc. 
H^Oj. 

Fig. 33. — Mg-SSn, No. 4417-30. X200. Solution heat treatment. Etched 
2 PER cent. alc. HNUj. 

Fig. 34. Mg-8 Sn, No. 4417--32. X 200. Precipitated at 150° C, Etched 
2 PER CENT. ALC. HNOj. 

Fig. 35,— 3V1g-8 Sn, No. 4417-37. X 200. Precipitated at 250° C. Etched 
2 PER CENT. ALC. HNOs. 
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shown in Fig. 17. Considerable precipitation takes place when a solu- 
tion-heat-t rented specimen is slowly cooled. Fig. 21 shows a furnace- 
cooled 8 per cent, alloy where the precipitated areas contain both the 
sorbitic and peariitic type of structures merging into each other. Heat 
treatment of the 13 per cent, aluminum alloy gives results corresponding 
to those of the 8 per cent., except for the presence of excess massive 
AhMgs crystals. This is indicated by Figs. 18 to 20, showing solution 
heat treatment and precipitation at 150° and 250° C. respectively. 

Magnesium-zinc Alloys 

It has been known for some time that magnesium-zinc alloys are 
susceptible to heat treatment, but there is difference of opinion as to the 
composition limits thus affected. Stoughton and Miyake have stated 
that zinc up to 10 per cent, will form a solid solution with magnesium, 
and that the higher compositions may be age-hardened. Both their 
microstructures and hardness values are in good agreement with our 
findings. Chadwick^ ^ has studied the entire series of magnesium-zinc 
alloys. He concludes from his limited data that appro.dmately 12.5 
per cent. (5 atomic i>er cent.) zinc is soluble at 342° C., the eutectic tem- 
perature, and 3 per cent, (approximately 1 atomic per cent.) zinc is 
soluble at 250° C. A more detailed investigation of the solid solubility 
of zinc in magnesium has been made by Schmidt,^® who found the solu- 
bility of zinc to be 6 per cent, at the eutectic temperature, and 2 per cent, 
at room temperature. Meissner^® obtained age-hardening effects in 
alloys containing more than 2 per cent. zinc. 

The structures of chill-cast alloys containing 4, 6, and 8 per cent, 
zinc are shown in Figs. 22 to 24. The outstanding structural features 
are the cored solid-solution crystals, and the increasing amounts of 
Mg-Zna compound. Solution heat treatment removes coring and dis- 
solves compound. The structure of the 6 per cent, solution-heat-treated 
alloy is shown in Fig. ,26. Aging of the alloys at 150° C. produces no 
additional structural change except to help develop annealing twins 
(Fig. 27). Aging the 6 per cent, alloy at 250° C. resulted in sufficient 
growth of the precipitated Mg-Zn 2 particles to cause a distinct change in 
the structure (Fig. 28). Heating at 300° C. caused the groundmass to 
substantially clear up, due to the re-solution of the precipitated compound 
(Fig. 29). Aging the 4 per cent, alloy (Fig. 25) at 250° C., developed but 
little of the precipitated structure shown in Fig. 28, thus indicating that 
approximately 4 per cent, zinc is soluble in magnesium at this tempera- 
ture, All structural changes are in good agreement with the hardness 

Op. cit. 

R. Chadwick : The Constitution of the Alloys of Magnesium and Zinc. J nZ. 
Inst. Met. (1928) 39, 285. 
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values reported in Table 3. Solution heat treatment softens the aIIo 3 ’'s; 
precipitation heat treatment increases the hardness until the precipitated 
particles are large enough to affect the microstructure, a change that is 
accompanied by softening. 


Magnesium-tin Alloys 

The most recent work on these alloys is that of Hume-Rothery,^^ 
who states that tin is not soluble in magnesium. This conclusion was 
not verified by our present work. The cast structures in Figs. 30 to 32 
all show considerable evidence of coring, a usual accompaniment of non- 
homogenized solid solution. On solution heat treatment, all traces of 
coring disappear, while the undissolved eutectic compound in the 8 per 
cent, alloy is completely globularized (Fig. 33). 

Precipitation at 150° C. is without marked effect on the structure of 
the solution-heat-treated specimens (Fig. 34). Precipitation for a 
longer time at a higher temperature, 250° C., resulted in the structure 
shown in Fig. 35, which is similar to Fig. 17 in the magnesium-aluminum 
series. This treatment (—37) also caused a slight but definite hardening 
on alloys containing more than 4 per cent, tin, as shown in Table 3. 
Further treatment at still higher temperatures produced no additional 
changes, either in hardness or microstructure. 

While much work remains before definite conclusions can be drawn, 
we believe that the data obtained point to a limited solubility of tin in 
magnesium — perhaps 3 to 4 per cent, at the eutectic temperature. 

Magnesium-manganese Alloys 

Published statements dealing with the magnesium-manganese alloys 
are extremely few. Schmidt^® states that up to 4 per cent, manganese 


W. Hume-Rotherj" : Researches on Intermetallic Compounds. Jnl. Inst. Met. 
(1926) 36, 336; ibid . (1927) 38, 127. 

Op. cU. 


Fig. 36. — Mg-0.1 Mn, No. 4409. X 200. Chill cast. Etched 2 pebcent. 
HSC 2 O 4 . 

Fig, 37. — Mg-0.4 Mn, No. 4411. X 200. Chill cast. Etched 2 per cent. 
H2C204. 

Fig. 38. — Mg-1 Mn, No. 4412. X 200. Chill cast. Etched 2 per cent. 
H*C*04. 

Fig. 39. — Mg-1 Mn, No. 4412. X 200. Chill cast. Etched 2 per cent. HNOa. 
- Fig. 40. — Mg-0.1 Mn, No. 4409-30. X200. Solution he at treatment. Etched 
2 per cent. H 2 C 2 O 4 . 

Fig. 41, — Mg-0.1 Mn, No. 4409-32. X 200. Precipitated at 150® C. Etched 
2 per cent. H 2 C 2 O 4 . 

Fig. 42. — Mg-1 Mn, No. 4412-30, X200. Solution heat treatment. Etched 
2 per cent. H2C2O4. 

Fig. 43. — Mg-1 Mn, No. 4412-32. X 200. Precipitated at 150° C. Etched 
2 PER CENT. H 2 C 2 O 4 , 
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Figs. 44-51. — (Captions dn opposite page.) 
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alloys with magnesium. He believes that it is present as an intermetallic 
compound and that neither eutectic nor solid solution is formed. His 
conclusions relative to intermetallic compound and solid-solution forma- 
tion do not seem warranted, in view of the limited data submitted. On 
the other hand, Bakken and Wood^® say ^'an alloy containing 3.2 per 
cent, manganese shows the typical structure associated with homogene- 
ous alloys.’" 

In the cast state, some manganese is present as a solid solution, but 
chiefly as small blue-gray particles scattered throughout the primary 
magnesium crystals, occasionally in clusters but seldom at the bound- 
aries (Fig. 39). The amount that will alloy with magnesium depends 
on the amount of other alloying ingredients present, the effect of these 
other metals being to decrease the amount of manganese retained in the 
alloy. Based on alloying experiments and settling tests on the molten 
metal, we feel that these particles are elementary manganese rather than 
an intermetallic compound. Individual particles have been observed in 
cast alloys containing as little as 0.01 per cent, manganese. 

The structures of the cast alloys containing 0.1, 0.4, and 1.0 per cent, 
manganese are shown in Figs. 36 to 38. These photographs show a 
small amount of coring around the individual particles due to solid 
solution, and indicate that the location of the manganese particles is 
closely associated with the original dendritic structure of the pri- 
mary crystallization. 

Solution heat treatment substantially removes all traces of the coring 
present in the cast structures but develops the fine detail shown in Figs. 
40 and 42. Precipitation heat treatment produces but little additional 
change (Figs. 41 and 43). This may indicate that the rate of precipita- 
tion of the manganese has been so great that some took place even on 
the quenched solution-heat-treated specimens. This conclusion is 
further substantiated by the fact that precipitation heat treatment 
caused no increase in hardness. 


Bakken and Wood: Constitution of Magnesium-manganese Alloys. A. S. S. T. 
Handbook, 1929 Ed., 560. 


Fig. 44. — Mg-0.25 Cij, No. 4397. X 200. Chill cast. Etched 2 per cent. 
HNOa. 

Fig. 45. — Mg-1 Ctt, No. 4399. X 200. Chill cast. Etched 2 per cent. HN0». 
Fig. 46. — Mg-4 Cxj, No. 4401. X 200. Chill cast. Etched 2 per cent. HNOj. 
Fig. 47. — Mg-SCtj, No.4402. X200. Chill cast. Etched 2 pee cent. HNOj. 

Fig. 48. — Mg-0.25 Cu, No. 4397-30. X 200. Solution heat treatment. 
Etched 2 per cent. HNOa. 

Fig. 49. — Mg-0.25 Cu, No. 4397-32. X 200, Precipitated at 150® C. Etched 
2 PER cent. HNOj. 

Fig. 50. — Mg- 8 Cu, No. 4402-30. X 200. Solution heat treatment. Etched 
2 per cent. HNOj. 

Fig, 51. — Mg-8 Cu, No. 4402-32. X 200. Precipitated at 150° C. Etched 
2 per cent. HNOj. 
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Figs. 52-59. — (Captions on opposite page.) 
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ilAGNESII'M-COPPER AlUJYS 

The recent work on these alloys by Jones^' gives little indication of the 
solubility limits of copper in magnesium. That these are low is indicated 
in Fig. 44 on the cast 0.25 per cent, alloy. In addition to the compound 
isolated on the grain boundaries, there is a considerable amount scattered 
throughout the groundmass as very small black particles. The higher 
percentage alloys have a smaller grain size and a much clearer groundmass 
on account of the coalescence of the small particles into the larger masses 
of the network eutectic fFigs. 45 to 47 j. As the amount of compound 
increases, the detail within the particles improves, and above 4 per cent, 
copper approximates a true eutectic structure. 

Solution heat treatment of the 0.25 per cent, copper alloy dissolved 
most of the larger particles of compound (Fig. 48). The small dots 
remaining in the groundmass probably indicate a precipitation rate in 
excess of the rate of quenching. This is confirmed by the precipitated 
sample (Fig. 49), which is quite similar to the solution-heat-treated 
sample, except for the stronger development of twins. Solution heat 
treatment of the 1 per cent, alloy left much of the compound as globular 
masses. Therefore Hansen’s^® conclusion that copper has a solubility 
at room temperature of 0.1 per cent., and of about 0.5 per cent, at 485° C., 
is at least approximately accurate. 

Heat treatment of the higher percentage alloys results in globularizing 
the compound with loss of the network eutectic structure (Fig. 50). 
Jones attributes this change to forging, stating that heat treatment 
simply increases the size of the globules. Precipitation of the 8 per cent, 
alloy was without effect beyond the development of twins (Fig. 51). 

In confirmation of the microstructural observations, no age-hardening 
effects were noticed on any of the compositions. The slight reduction 
in hardness on the solution-heat-treated samples is probably due to the 
globularizing of the eutectic and the breaking down of the net- 
work structure. 

W. R. D. Jones: The Copper-magnesium Alloys, Part III. Jnl. Inst. Met. 
Advance Copj" No. 469 (1928). 

M. Hansen; Note on the Magnesium-rieh Magnesium-copper Alloys. JnL 
Inst. Met. (1927) 37, 93. 

Fig. 52. — Mg- 0.25 Ni, No. 4403. X200. Chill cast. Etched 2 peh cent. H NO*. 

Fig. 53. — Mg-1 Ni, No. 4405. X 200. Chill cast. Etched 2 per cent. HNO*. 

Fig. 54. — Mg-4 Ni, No. 4407. X 200. Chill cast. Etched 2 percent. HNO*. 

Fig. 55. — Mg-8 Ni, No. 4408. X 200. Chill cast. Etched 2 per cent. HNO*. 

Fig. 56. — Mg-0.25 Ni, No. 4403-30. X200. Solution heat treatment. Etched 
2 PER cent. HNO*. 

Fig. 57. — Mg-0.25 Ni, No. 4403-32. X 200. Precipitated at 150° C. Etched 
2 per cent. HNO*. 

Fig. 58. — Mg- 4 Ni, No. 4407-30. X 200. Solution heat treatment. Etched 
2 PER CENT. HNO*. 

Fig. 59. — Mg-4 Ni, No. 4407-32. X 200. Precipitated at 150° C. Etched 
2 per cent. HNO*. 
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Magnesium-nickel Allots 

These alloys are similar to those of the magnesium-copper series in 
their general characterfetics. The grain size decreases on the cast speci- 
mens with increasing nickel content (Fip. 52 to 55). The eutectic 
develops a network structure with some improvement in the inter- 
nal detail. 

Heat treatment of the 0.25 per cent, alloy results in but slight, if 
any, solution of the compound as shown in Fig. 56. Precipitation of the 
solution-heat-treated material produces no change beyond the accentua- 
tion of the twin needles. This is confirmed by the absence of age-harden- 
ing. The network eutectic of the higher percentage alloys is broken 
down, and the compound globularized by solution heat treatment (Fig. 
58), with a slight decrease in hardness. Here again the only effect of 
precipitation heat treatment is to strengthen the twin needles (Fig. 59). 

Summary 

1. The preparation and metallography of magnesium-alloy speci- 
mens have been described, and an explanation offered for the 
structures developed. 

2. Solution and precipitation heat treatment produce structural 
changes in most magnesium alloys which are not necessarily accompanied 
by property changes. 

3. Property improvement due to heat treatment occurs in the mag- 
nesium-aluminum, magnesium-zinc, and to a limited extent in the mag- 
nesium-tin alloys, where hardness increases of 45, 55, and 8 per cent, 
respectively were observed after precipitation heat treatment. 

4. The most pronounced property change in the other alloys occurred 
in the magnesium-copper and magnesium-nickel series, where solution 
heat treatment caused a softening due to a globularization of the network 
eutectic. 

5. No definite conclusions have been drawn relative to the limits 
of solid solution. This more detailed work will form the basis 
of future investigations. 
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Stability of Aluminum and Magnesium Casting Alloys 

Bv A. J. Lyon,* Dayton, Ohio 

(Philadelphia Meeting, October, 19281 

The stability and permanence of any structural material used in 
aircraft are of paramount importance. The spontaneous hardening, or 
age-hardening, which takes place in some of the aluminum alloys under 
ordinary conditions of temperature and atmosphere, is accompanied by 
an increase in tensile strength and proportional limit and a decrease in 
elongation or ductility. Within the last few years the introduction of a 
number of strong and ductile easting alloys led to a study by the Materiel 
Division, Air Corps, of the permanence of the physical properties in 
several of these alloys. It has been found that even though some alloys 
have good properties directly after casting or heat treatment, they are not 
satisfactory for stressed parts that require a combination of strength and 
ductility. It has also led to the conclusion that all alloys that can be 
hardened by artificial aging — heating in a temperature range below 170° C. 
(340° F.) — will harden spontaneously if allowed to stand for a sufiBcicn 
length of time. It follows that, in aircraft work where the fact ora of safety 
are Umited on account of the necessity of keeping the weight of the struc- 
tures as low as possible consistent with their safe operation, the properties of 
the alloys in the stable or final condition should be used as a basis for 
design rather than the properties obtained on the material directly 
after casting. 

The work of Wilm in Germany, Hanson and Gayler at the National 
Physical Laboratory in England, and Merica, Jeffries, and others in the 
United States, has shown that the spontaneous hardening is characteristic 
to a greater or less extent in all aluminum-base alloys in which the solu- 
bility in the solid state of the alloying constituents decreases with the 
temperature. It has been shown that, by heating to a temperature as 
near as po^ible to the melting point of the material and soaking at that 
temperature for a sufficient length of time and then quenching or cooling 
rapidly, a maxiTmiTn amount of the soluble constituents can be retained in 
solution and the condition of maximum hardening effect upon aging can 
be obtained. Also, in ordinary sand and chill castings, without heat 
treatment, a sufficient amount of the alloying constituents is held in 
solution to cause important changes in the final physical properties. 

* First lieutenant, Air Corps, U. S. Army. 
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The theory of spontaneous hardening as evolved by Merica is based 
on the soluble constituents separating out in submicroscopic particles 
when the material is allow^ed to stand at ordinary temperatures. The 
impression gained from the literature on the subject is that the most 
important changes take place in a comparatively short time after casting 
or heat treatment. The scope of this paper is to show’ that this is not the 
case for all aluminum and magnesium-base alloys and that in some cases 
the hardening continues over a period of two or more years. It also points 
to the possibility that all materials subject to spontaneous aging can be 
artificially aged in a few hours. When artificially aged, the properties are 
stable and represent the final properties of the material attained by 
aging naturally for a period of several years. In other words, the rate of 
hardening is a function of temperature in the range 0° to 260° C. (32° to 
500° F.). 

The following types of sand-cast alloys were investigated: 

1. Aluminum-base 

а. Aluminum-copper 

б. Aluminum-copper-magnesium 

c. Aluminum-copper-nickel-magnesium 

d. Aluminum-silicon 

e. Aluminum-zinc 

2. Magnesium-base 

0 . Magnesium-aluminum-manganese 

&. Magnesium-aluminum-zinc 

Method of Test 

The test specimens were of the types and dimensions shown in Fig. 1, 
They were cast in greensand and ordinary foundry practice was observed 
in the molding, gating, melting, and pouring. The molding sand used 
for casting the magnesium-base alloys contained from 3 to 5 per cent, of 
flowers of sulfur with a small amount of boric acid to prevent reaction 
between the water used for tempering and the molten metal. All melting 
was done in crucible-type furnaces. For the aluminum-base alloys, 
plumbago or graphite crucibles were used; and for the magnesium-base 
alloys, cast-iron crucibles. Fluxes were not employed. The pouring 
temperature was maintained in the temperature range of 1275° to 1325° F. 
The maximum furnace temperature was not allowed to exceed the pouring 
temperature more than 75° F. This is of considerable importance, as it 
has been shown that the temperature of pouring and the size of the cast 
section have a considerable effect on the grain size of both the aluminum 
and magnesium-base alloys. It also is of special importance in connec- 
tion wdth the newer types of alloys that require heat treatment to develop 
their maximum properties, since the coarser the structure, the longer the 
time required for solution of the soluble constituents. Incomplete 
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solution has a very ck-dded effect on the ductility as nn-asun'd Ijy the 
percentage of elongation, the maximum corresponding to complete 
solution. In the aluminum-copper alloys in the heat-treated condition, 
a variation of 200° F. in the pouring temperature causes variations in the 
ultimate strength of 15 per cent, and in the elongation of 40 per cent.* 
In the range of pouring temperatures used in this investigation, the effect 
on the properties is not of importance. The test specimens shown in 
Fig. 1 are H and 14 in. dia. over the reduced section. The effect of the 
size of the section is more pronounced on the ductility than on the ulti- 



Fig. 1. — ^Test specimens. 


mate strength, and these factors, together with the method of gating, 
should be borne in mind when comparing results of this investigation 
with other published data. 

The chemical composition was determined in all cases on the original 
melts from which the material used in the test specimens was selected. 
Slight variations therefore can be expected between the tabulated 
chemical composition and the actual chemical composition of each 
individual specimen. 


1 Private communication from the Research Department, Aluminum Co, of 
America. 
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Unless otherwise stated, the specimens were all aged under ordinary 
conditions at atmospheric temi>erature and were stored under cover. 
The magnesium alloy specimens subjected to outdoor exposure were 
placed on racks at an angle of 45° and faced southwest, and were sub- 
jected to the atmospheric conditions of temperature and moisture in 
Dayton, Ohio. 

The Type TB-1 specimens, cast to size H-in. dia. over a 2-m. gage 
length, were tested in a 20,000-lb. Olsen machine fitted with self-aligning 
wedge grips. The ultimate strength was calculated on the basis of the 
average cross-sectional area over the gage length. The elongation was 
measured with dividers on the broken specimen to the nearest oo 
The Brinell hardness tests were made on the tension specimen by grind- 
ing flats on the shoulders, A 10-mm. ball and a 500-kg. load for 30 sec. 
were employed in all cases. The impressions were measured by a micro- 
meter microscope. 

The Type TB-14 specimens (Fig. 1), used for determining the propor- 
tional limit, were machined from %-in. dia. to ^4-in. dia. over a gage length 
of 8 in. (The removal of the skin in casting aluminum alloys slightly 
decreases the tensile properties and should also be taken into consider- 
ation in comparing the results obtained from the two types of specimens). 
The ends of the specimens were threaded to fit adapters. The specimens 
were then pulled in an Olsen 20,000-lb. machine fitted with self-aligning 
pulling bolts. The loads were applied in increments of 200 lb., and for 
each load a corresponding strain over a gage length of 8 in. was read on a 
direct-reading Ewing extensometer calibrated to read directly to 0.0002 
in. This is equivalent to 0.000025 in. per inch. These results were 
plotted to a scale of 1 in. = 500 lb. and 1 in. = 0.00025 in. per inch, and 
the proportional limit determined by taking the point where the curve 
first changes slope. The ultimate strength was calculated from the 
breaking load and the percentage of elongation was determined by 
measurements on the broken specimen over a gage length of 2 in. 
Extreme care was taken in the proportional limit determinations for the 
reason that it has been found that the stress-strain diagrams afford a very 
accurate means of obtaining information for the study of changes in 
properties resulting from age-hardening and furnish more reliable data 
than ultimate strength, Brinell hardness, and ductility tests. In a 
recent publication of the Bureau of Standards,^ attention is directed to 
the fact that the yield point is not a definite property, as in steel, and 
that much of the existing data in the literature fail to disclose the method 
of determining this property. The introduction of the casting alloys of 
high tensile strength and ductility has created the necessity for accurate 
determinations of the yield point or proportional limit. 

* Light Metals and Alloys — Aluminuni, Magnesium. U. S. Bur. of Stds. Citc^ 
346 ( 1927 ). 
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Aluminum-coppek Alloys 

The effects of aging at atmospheric temperatures on the 8 per cent, 
and 5 per cent, binary aluminum-copper alloys are shown in Tables 1 and 
2 and in Figs. 2 and 3. The first is the well-known S. A, E. alloy No. 12 
and is used extensively in aircraft construction for the general run of 
castings. The proportional limit of this alloy is practically doubled and 
appreciable changes take place in the ultimate strength after two years' 



Fig. 2 . — Steess-etkain diagbau, sand-cast adlot; 8 pbb cent, ooppeb, 92 pbb cent. 

ALUiaNUU. 

aging at atmospheric temperature. The percentage of elongation of the 
^oy in the cast condition is so low that accurate comparisons cannot be 
made. It has been found that when this alloy is artificially aged at a 
temperatiure of SOO® F. for 16 hr. practically the same changes in ultimate 
strength as are shown in Table 1 are obtained in the material in the 
as-cast condition. 

The second of the AhCu alloys is a proioietary alloy known as Lynite 
No. 196, which should be distinguished frmn the sand-cast duralumins 
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Fi€, 3, — SuMss-errauiN diagram, sand-cast heat-treated alloy; 5 per cent. 
COPPER, 95 PEE CENT. ALUMINUM. HeATED 24 HR. AT 950® F. ; QUENCHED IN WATER. 


Table 1. — Data on Sand<ast Aluminum-Copper Alloy Naturally Aged 


Phsreic*! Ptopertiee 

Tline 1 

Aged 

Chemical 

Composition 

Per Cent. 

14 Days | 

27 Months 

Proportional limit, lb. per sq. 



Copper 

8.05-8.12 

in 

4,600 

10,500 

Iron 

0.40-0.57 

intimate strength, lb. per sq. 

Silicon 

0.30-0.37 

m 

17,480 

23,270 

Aluminum 

Difference 

Elongation in 2 in., per cent . 

<1.0 

1 <1,0 



Brinell hardness 

62 

78 




Type of spedmen, TB-14; cast dia.; machined J44n. dia.; gage length, 8 in. 





A. J. LYON 


339 


Table 2. — Data on Sand-cast Aluminum-copper Alloy Healed at 950° F, 
for 24 Hr.; Quenched in Cold Water 


Aging Temperature and Time 


Physical Properties Atmospheric 


300® F. 


Chemical 

Composition 


Per Cent. 


5 Days 

3 Mo 

30 Mo. 

2 Hr 

20 Hr. 

1 

t 

Proportional limit, lb. 




Copper.. . . 

' 4 93 

per sq. in i 7,075 

9,920 

13,625 

11,615 

15,825 Iron. . 

1 0 62 

Ultimate strength, lb 




, 1 Silicon 

' 0 84 

per sq. in 28,135 

26,980 

29.830 

31,155 

35,915 . Manganese . 

0 03 

Elongation in 2 in , per | 



i 

Aluminum., 

Diflferrncc 

cent 3-7j 

2 6 

1.2 

3 0 

1.25 1 


Brinell hardness (500 kg. 

1 


i 

1 


lO-mm. ball) ^ 74 1 

70 j 

SO 

75.1 

84.1 ( 



Type of specimen, TB-14; cast J'i-in. dia ; machined dia.; gage length, 8 in. 


that contain small amounts of magnesium. Both are used in aircraft and 
aircraft engines for parts that are subjected to high stresses and where 
forgings are impracticable. The straight copper alloy is regarded with 
more favor than the duralumin-type alloy on account of the better com- 
bination of strength and ductility. An examination of Fig. 3 shows that 
the natural age-hardening continues over a period of years, the 
proportional limit then approaching that of the same material artificially 
aged at 300° F. for a period ranging from 2 to 8 hr. After 20 hr. artificial 
aging at this temperature, the final properties of the alloy are approached. 
Artificial aging for this type of alloy has been made mandatory by the 
Air Corps principally on account of the increase in proportional limit. 
The elongation obtained on the unaged material is misleading. Although 
the elongation is reduced practically 50 per cent, by artificial aging, the 
ductility is superior to the duralumin-type and the higher copper sHoys. 
Former work done by the Engineering Diviaon of the Air Service on the 
cast alloys of the duralumin-type and on the binary aluminum-copper 
alloys* shows that the alloys containing small amounts of magnesium 
harden more rapidly than the straight copper alloy and, when artificially 
aged, reach their maximum after about 20 hr. at 300° F. The latter show 
a gradual increase in ultimate strength up to 160 hr., but at 24 hr. the 
maximum is reached for all practical considerations. 

The effect of aging, either spontaneously or artificially, on the wrou^t 
alloys of the duralumin type is more pronounced and the time shorter 
for the cast alloys of the same composition.'* The results shown in 
Fig. 3 would indicate that, if careful determination of the proportional 

* S. DaniBk, A. J. Lyon and J. B. Johnses: Casting and Heat Treatment of Some 
Aluminun^-copper-ixiAgnesium Alloys. Trtms. (1925) 71, 864. 

* R. S. Aiefoer and Zay Jefirtes: New DevrfofHnente in Higb-etiength Aluminum 
AHoys. Trims. (1925) 71, 828. 
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limit is made on the wrought binary aluminum-copper alloy, quenched, 
and allow^ed to age at ordinary temperatures, the increase in proportional 
limit would be of the same order but would take place in a shorter period 
of time. This is important in connection with the “stocking” of this 
alloy in the as-quenched condition and then after a period of a year or 
two subjecting it to forming or severe bending operations in connection 
with the fabrication processes. 

Aluminum-copper-magnesium Alloys 

The 10 per cent, copper alloy with small additions of iron and 
magnesium is used extensively in manufacture of aircraft engines, for 
such parts as pistons and air-cooled cylinder heads, and in other places 
where hi^ strength and hardness are necessary but the ductility is not 
important. It is used in both the heat-treated and as-cast conditions. 
Table 2 shows that in the as-cast condition the alloy reaches a stable 
condition after about one year at ordinary temperatures. In the 
quenched condition, aging for 16 hr. at 300° F. produces the maximum 
properties and no further hardening or increase in proportional limit takes 
place. The effect of increasing the time of artificial aging for periods 
longer than 16 hr. has been shown to produce no appreciable changes in 
the physical properties.® An increase in the artificial aging temperature 
decreases the time required to obtain the maximum properties to a con- 
siiferable degree. At temperatures from 400° to 500° F., the same 
results can be obtained in periods of 1 hr. or less as for 16 hr. at 300° F. 

The alloy containing 2,5 per cent, copper and 0.5 per cent, magnesium, 
which is a duraliunin-type alloy, has been used by the Air Corps as a high- 
strength alloy in the heat-treated condition and in the as-cast condition 
for purposes where a combination of strength and ductility greater than 
that obtained in the 8 per cent, copper alloy is required. The ultimate 
strength and dongation vary within wide limits for different melts of the 
alloy of practically the same composition, cast under the same conditions. 
The results in Table 4 are representative of the maximum rather than of 
the average properties, but are included to show the effect of aging at 
ordinary temperature over a period ranging from two days to 3H yr* 
The effect of magnesium, as mentioned before, is to decrease the time 
required for the alloy to reach its stable condition. During the first two 
weeks, the hardening prepresses rapidly and then slowly up to about a* 
year. The results tabulated for periods greater than a year are within 
the range of properties obtained from different specimens from the same 
heat and aged for the same length of time. The tests on TB-14 speci- 

* S. Daniels: Effect of Erfaeating Al-Cu-Ni-Mg and Al-Cu-Fe-Mg Alloys. Trans. 
(1926) TO, 479. 
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mens, which have not been included in Table 4, gave an ultimate strength 
of 24,000 lb. per sq. in., a proportional limit of 8000 lb. per sq. in., and an 
elongation of less than 1 per cent. These properties should be compared 



Pig. 4. — StKESS-STBAIN DIAOSAIC, ALXJMINUM-COFPBB-inCMIi AND ALUinNDM-COPPBB- 

KAONSSITTK ALLOTS. 

Alloy A = Cu, 4 per cent; Mg, 1.5; Al, remamder. ^ 

Alloy B = Cu, 10 per cent.; Fe, 1.25; Mg, 0.25; Al, remainder. 

HA ~ heat-treat^ 5 hr. at &50® F. 

HB “ heat-treated 5 hr. at 925® F. 

CA and CB = as (Mtst 


with those given for the 5 per cent, aluminum-eopper alloy, Table 2. 
This alloy furnishes a good example of the misl^ding results that can 
be obtained from alloys of this type^if not properly aged before testing. 
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Table 3. — Data on Sand-cosi Aluminum-copper-inagnesium-iron Alloy 

Naturally Aged 


CoDdition and Aging Time 


Pbjrrical Propertie* 


As-cast 


Heat-treated* 

Chemical 

Composition 

Per Cent. 


5 Days 

1 

15 Mo. 

28 Mo. 

5 Days 

28 Mo. 

i 

1 

Pit>portkHul limit, lb 


1 

1 

1 



Copper . . 

9.65 


7,920 

10,650 

j 10,500 

15,030 

15,800 

Iron 

1.38 

pfT HKIt *3^ - 1 

Ultimate strength, Ib 

Silicon. . 

0.39 

per sq. in 

Elongation in 2 in., per 

20.890 

22,135 

i : 

25,860 

i 

28,600 

Magnesium . { 
1 Aluminum. . . i 

0.28 

Difference 

eent 



Less then 1 0 


1 


Brinell hardness 

88 

97 , 

99 1 

110 , 

105 

1 1 

1 1 



Type of speeimeD, TB-14, cast %-m. dia.; machined dia.; gage length, 8 in. 

• Soak 926® F. for 5 hr ; quench m water; age 16 hr. 300° F. 


Table 4. — Data on Sand’<ast Aluminumrcopper-magnesium-iron Alloy 

Naturally Aged, 


Physieai Properties 

lime Aged 

i 

1 

1 Chemical 
' Composition 

Per Cent. 

2 Days 

j 14 Days 

11 Mo. 

! 23 Mo. 

1 

j 43 Mo. 

mtiiaate strength, Ib 


129.460 


1 i 

1 i 


jl 

1 Copper 

2 59-2.66 

per BQ. in 

26,530 


31,940 ' 

28,088 ! 

30,400 

Iron 

1.47-1.65 

Eloswatktt m 2 in., per 1 


1 j 

1 

j 

1 

!' 

1 Sibcon .... j 

0.17-0.22 

eewfe 

4.8 

4 O' 

3 6j 

2 63 

3.5 

^ Magnesium. | 

0.54-0.60 

Briaeil hardness | 

67 

65 

73 

71 

j 

1 

1 

Aluminum.. . 

i 1 

Difference 


Type oi speeimen, TB-1; oast to siae das,.; 2-in. gage length. 


Aluminum-copper-nickel-magne^ium Alloys 

The physical properties of the alloy containing 4 per cent, copper, 2 
per cent, nickel, and 1.5 per cent, magnesium are practically of the same 
order as those of the copper-magnesitmi alloy just described. It is 
fXBimiercially known as Y” aSoy and there are also a number of compo- 
sitions with somewhat the same properties which are known as Magnalite. 
Table 5 shows that it is in a stable condition after aging at 300° F. for 
16 hr. like the oopper-magnesinm alloy, however, the same results can 
be produced by shorter reheating periods at a higher temperature; 500° F. 
appears to be the upper limit of the reheating range for t his alloy. In the 
as-cast condition the principal change upon aging at atmospheric temper- 
ature occurs in the proportional limit. The alloy appears to be more 
stable in this condition than the aluminum-copper-magnesium alloy, and 
the proportional limit directly after casting is appreciably higher. It 
appears that the improvement in properties by heat treatment is derived 
from the heating at elevated temperature and the quenching operation 
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more than from the subsequent aging. This alloy is used for pistons and 
air-cooled cylinder heads and, although slightly more difficult to cast on 
account of the higher percentage of magnesium, the improved properties 
at elevated temperatures such as are met in aircraft engines warrant 
its use. 


Aluminum-silicon Alloys 

The aluminum-silicon alloys, which include the normal and modified 
types, are not subject to spontaneous hardening, or age-hardening. They 



Fig. 5. — STsanss-STEAiN diagbam, sanu-cast snJOON-ALUiconTM and coppeb- 

JCAGNESIUM-ALUIONUM ALLOTS.. 

1-A = Cu, 2.5 per cent.; Fe, 1.25; Mg, 0.25; Al, remainder. 

1-B (Alpax) = Si, 13; Al, 87. 

are practically stable in the cast condition. In the normal alloy a small 
improvement of the elongation may be obtained through heat treatment, 
but no appreciable changes in the ultimate strength or proportional limit 
take pla^. In Table 6 are shown results of tests made after 3 months 
and 2 years a^ng, respectively, at atmospheric temperature, on a com- 
mercial grade of modified alloy, which corresponds to Alpax metal in 
the United States and to ffilumin alnoad. The physical properties listed 
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are withia the range obtained on individual test specimens from the same 
lot of metal and tested under the same conditions. In passing, it should 
be observed that, although this type of alloy has an attractive combi- 
nation of ductility and ultimate strength, the proportional limit is very 
low and should prevent the alloy being placed in the class of the high- 
strength alloys. The Air Corps has attempted to use this material for 
important and highly stressed fittings, such as control fittings and 
landing-gpar fittings. There are records of failures resulting from the 
gradual stretching and distortion of the part due to suddenly applied 
loads above the proportional limit but well under the ultimate strength. 
A typical stress-strain diagram for this alloy is shown in Fig. 5. For the 
purpose of comparison, a diagram of the low-copper, duralumin-t 3 T)e 
alloy in the as-cast condition is also shown. These should be compared 
with the stress-strain diagrams of Fig. 3. 


Table 5. — Data on Sandrcast Aluminumrcopper-nickel-magnesium Alloy 

Naturally Aged 


Phjaieai Properties 

Condition and Agp 

AaK»st 

ing Time 

Heat-treated® 

Chemical 

Composition 

Per Cent. 

5 Days 

11 Mo, 

27 Mo. 

5 Days 

28 Mo. 

PirofMirtioiial hsui, lb. 






Copper 

4.13-4.44 

pel* - T- , 

9,337 

13,730 

12,200 

14,140 

13,580 

Nickel. ...... 

1.52-1.79 

UHukuUe stresgih, Ib. 

Iron. 

0.22-0.58 

per «q. in 

2SM5 

25,806 

24,235 

28,950 

30,840 

Magnesium. . . 

1.61-1.56 

BkngattoD is 2 in., per 






Silicon 

0.15-0.24 

fleat 


Xjess than 1.0 


Aluminum.. . . 

Difference 

BrizMl! hardaeae 

88 


; 88 1 

97 





Type of speoneoa, TB-14; oaei H-in. dbt.; machmed ^ 4 -m. dia.; gage length, 8 in. 

• Heat F. for 5 hr.; qiien<^ in e(M wat«r; age at 300^ F. for 16 hr. 


TabiiB 6. — Daia on Sand-casi Modified Aluminum-silicon Alloy Naturally 

Aged 


Physical Propertzes 

Time Aged 

Chemical 

Composition 

Per Cent. 

3 Mo. 

24 Mo. 

Proportional limit, lb. per sq. 
in 

3,700 

24,975 

5.38 

60.0 

4,275 

26,110 

4.09 

59.4 

Silicon 

13 

87 

52 Method) 

Alnminiim 

Modified (Pac 

Ultimate strength, lb. per sq. 
in 

Plcmgation in 2 in., per eent. 

Brin^ hardnASH 



Type of specimeii, TB-14; east %-4 b, dia.; machined Ji-in. dia.; gage length, 8 in. 
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Aluminum-zinc Alloys 

The binaiy aluminum-zinc alloys are not recommended for use in 
aircraft, but there are several combinations of zinc, copper, and aluminum 
that have found their way into aircraft engines on account of the good 
combination of strength and ductility which can be obtained without 
heat treatment. The results shown in Table 7 indicate that the 15 per 
cent, aluminum-zinc alloy is unstable and the ultimate strength increases 
50 per cent, after 2 years aging at atmospheric temperature. This 
increase in ultimate strength, however, is accompanied by a loss of ductil- 
ity of such magnitude that it would prevent the alloy being used for 
purposes where ductility is important- The change in properties of the 
aluminum-zinc alloy is the one exception in the commercial alloj^ refer- 
red to in this paper in which the hardening effect is not due to the decrease 
of the solid solubility of the alloying constituent with temperature. It 
is probable that the hardening is a result of a phase change and that the 
reaction® that takes place at approximately 256° C. (492° F.) proceeds 
slowly at ordinary temperatures. It has been stated that the addition of 
copper does not affect the temperature of this reaction,^ so that the 


Table 7. — Baia on Sandrcast Aluminumnzino AUoys Naiurally Aged 


Physical Properties 

rime Aged | 

1 Chemieal 

Per Coni. 

1 Day 

1 9Mo. i 

20 Mo. 

, Compoeatioc 

j 

intimate starengih, Ib. sq. in 

20,850 

5.0 

50.0 

25,460 

1.2 

30,215 ! 

i.sl 

65.0j 

Zinc 

14. 85 

E3<»i£ation in 2 in., per cent 

Brinell hardness 

Iron 

SihooB 

. . . 

0.46 

0.45 

Differaaoe 


Type of spedmen, TB-1; cast to size dia.; gage leogth, 2 in. 


Table 8. — Bcda on Sand-cast Magnesium^uminumnmanganese Alloy 

Natiarally Aged 


Physical Properties 

Time Aged 

Chemical 

Compositmn 

Per Cent. 

1 Day 

7 Days 

13 Mo. 

32Moj» 

Ultimate strength, Ib. per sq. in. . . 

mongation in 2 in., per cent 

Brinell hardness 

24,066 

6.7 

45 

25,820 

8.0 

45 

24,415 

6.7 

46 

22,184 

6.2 

44.3 

Alnminwm. . . . 

Ckgiper 

Iron 

Manganese... 
SibcoB 

4.58 

0.05 

0.05 

0.3 

0.03 

Difference 


Type of ^peeamm, TB-1; east round, ^ 

•SpeeinieBS ezpoaad to weaite at Dayton, Oliio. 


• W. Bceenfeain : Jnl lust of Metals (1911) 6, 248. 

^ EfeTCBth ABoy Beseaitb B/^port, IiBtifartioncf Mee famfei i lT^ gmiBaB (1921), 207. 
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results shown in Table 7 represent what can be expected of all alloys that 
contain rinc as the principal alloying constituent. In addition to the 
loss in ductility, this alloy is not suitable for aircraft use on account 
of its higher specific gravity, nonresistance to corrosion, and weak- 
ness at elevat^ temperatures. It has been dropped from all Air 
Corps specifications. 

Table 9. — Data on Sand-casi Magnesiunir-duminurnrZinc Alloys 

Naturally Aged 

I Compoeitjon and Time Aged 


Physical Piropcrtica | Al, 5.71; 2*0, 2.1)0: Mg, DiffCTence Zn, 4.94; Al, 3.19; Mg, Difference 


i 

1 

1 D»y 

1 2 Mo. 

j 13 Mo. 

34 Mo« 

1 D.y 

2 Mo. 

13 Mo. 

34 Mo.« 

UhiiMto stmgUi, Ib. ' 
p«r m 

20,000 

i 

125,180 

1 1 

1 23,435 1 

i 

23,178 

23,668 

24,150 

1 

1 26,905 

26,255 

in 2 in f per , 



) 

3.2' 4.3 

1 1 

i 

5.0| 

4.8 

j 

4.lj 

1 

5 2: 

5.3 

hnrdnesB 

1 

49 

49 

1 “ 1 

50 

49 

50 1 

54 

54.2 


Typ« M apveiiaeii, TB-1 ; east to aiae, dia>; me length, 2 in 

• Exposed to weethear oooditions erf Dayton, Ohio. 


Magnbsium-aluminum-manganese Alloys 

On account of the specific gravity, as compared with that of the 
ahiminum-base alloys, the alloys of magnesium offer attractive possibil- 
ities for use in aircraft and aircraft engines. The magnesium-aluminum 
alloys are stable in the as-cast condition. The results of tests on the 4 
per cent, aluminum alloy are included in Table 8. Tests have also been 
performed on the 8 per cent, and 12 per cent, magnesium-aluminum 
alh^, without manganese, and show stable properties. In Table 8 the 
uithnate strength as determined from specimens aged out of doors is 
slightly lower than thoae aged indoors. This is on account of a slight 
reduction in croBS-oecHonal area due to corrosion. There is no loss in 
ductility, however, and the hardness is of the same order. 

MAGNBSIUM-zmChALUMINTUM AlLOYS 

The results of tensile tests on specimens with the zinc content ranging 
from 3 to 5 per cent, and the aluminum content from 5 to 3 per cent, are 
shown in Table 9. These, unlike the results for the binary magnesium- 
aluminum allojrs, show pronounced aging properties at ordinary temper- 
atures. There is a pronounced improvement in the ultimate strength 
and a slight increase in ductility. The hardness remams approximately 
the same. An examination of the equilibrium diagram for the 
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magBesium-zinc system^ shows that on the magnesium end of the diagram 
the solid solubility of the zinc as a compound MgZni decreases very 
rapidly with temperature. It would follow that the principle under- 
lying the hardening of this type of alloy is the same as for the binary 
aluminum-copper or the aluminum alloys containing magnesium silicide. 
The results of the aging tests on two types of magnesium-base ahoys, 
shown in Tables 8 and 9, indicate that there is very little choice between 
them from a practical standpoint. In cast sections neither is appreciably 
corroded by the atmospheric conditions of Dayton, Ohio, notwithstanding 
the fact that they recived no protection except the presence of the skin 
which forms during the casting. These alloys have recently been 
ncluded in Air Corps specifications. 

Acknowledgment 
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DISCUSSION 

R. S. Abcher, Cleveland, Ohio (written discussion). — ^lieutenant Lyon has prop- 
erly called attention to the fact that the increase in elastic limit is often even more 
marked than the changes in strength and ebnga^n, and the stress-strain curves 
which he has given are especially valuable because of the comparative lack of this 
kind of information. 

Advantage is taken of the aging characteristics of aluminum alloys in various 
fabricating operations. The straightening of eastings, for example, may be done more 
readily shortly after a solution heat treatment or shortly after easting than after the 
material has become harder due to aging. Other operations in which the same prin- 
ciple is involved are the heading of rivets, coin pres^g of forgings, forming 
of sheet, etc. 

The aging characteristics of these alloys may also be used to advantage from the 
standpoint of service as well as of manufacture, lieutenant Lyon appears to have 
come to the conclusion that these products should be artificially aged to a stable 
condition before being put in service. There are some considerations, however, in 
favor of putting such materials into service in the softer condition which obtains 
shortly after manufacture or heat trea^ent and allowing the age-hardening to take 
place in service. 

The need for ductility in parts intended for severe service is largely to enable the 
metal to dissipate local concentrations of sbreas by local yielding. 'Ibese local con- 
centrations of stress are oft^ due to strains set up in assembly by imperfect fitting 
and alignment of parts. During the first stages of service, such as the running-in 
of an engine, Ihe parts beemne adjusted to one another. During this process, when 
as a rule the stresses are intentionfdly kept low, it is desirable that the materifds possess 
the ductility and the low elastic limit ^at will facilitate these adjustments. After 
these have been accomplished it is deairabie that the material possess hi^ elastic 


* R. Ohadwiek.: Coostltutikm of t2m Alloys of Ma^esium and Zinc. J nL Inst. 
a Metals (1928). 
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limit to resurt the k>fld;8 of service without permanent deformation. The spontaneous 
age-haidenixig which may occur in service is an advantage from this standpoint. 

Lieutenant Lyon ix)me to the general conclusion that all alloys that can be 
hardened by artificial aging will harden spontaneously if allowed to stand for a suffi- 
cient length of time, and that the properties attained by artificial aging represent 
the jfinai properties that the material would attain by aging naturally for a period of 
several years. This conclusion seems too broad, as may be illustrated by pointing 
out that if it were true, all of these alloys would over-age at room temperature. 

At the temperatures employed in artificial aging, such as 170*^ C., hardness and 
strength increase to a maximum that may be attained within a few days, after which 
theee properties slowly decrease to nearly constant values. The higher the temper- 
ature of the artificial aging or precipitation heat treatment, the lower are these values, 
and if this treatm^t were carried out at 260® C., which is included within the author’s 
limits, the final properties would be nearly those of the annealed material. It is 
evident that in the majority of the materials with which we are concerned such a 
condition would not be realised in any ordinary period of time, if ever. Observations 
made on heat-treated alloys of the duralumin type, kept at room temperature over a 
period of 10 years, failed to show any softening. ' Briefly, then, it seems that no period 
of natural •gng within human experience would produce the same effects as prolonged 
artificial aging at temperatures up to 260® C., or even up to 170® C. It may also be 
staled that even for periods of artificial aging less than required for maximum hard- 
ening, the combinations of physical properties obtained are often not the same as those 
which would be obtamed by prolonged natural aging. 

TTie 8 per cent, copper alloy rdPerred to at the top of page 337 is apparently S. A. E. 
alloy No. 30, the designation No. 12 being a trade designation. 

In connection with the aging of heat-treated 4 per cent, copper alloy castings 
(Lynite 105) it may be of interest to give some results showing the effect of natural 
aging for 16 mont^. The test bars were heated in boiling water for 30 min, after 
the adhitioQ heat treatment to simulate a few days’ natural aging. 



Tenaile Strength, 
Lh. per Sq. In. 

Elongation, Per 
Cent, in 2 In. 

30 »»««- at 100“ C 

32,910 

36,340 

9.1 

16 moatliB at room temperature 

4.3 



Hie author’s statem^t at the bottom olpage 339 regarding the relative suscepti- 
bility of wrought and cast alloys to aging, attributed to Dr. Jeffries and myself, does 
not quite express our ideas. In fact, we have occasionally observed that castings seem 
to age either to a greater extent or more rai^y at room temperature than do wrought 
products of the same compoeition. This fisobject, however, is one on which our 
information is incomplete. 

The author’s stat^ents regarding the substantial absence of age-hardening in 
ahiminum-silioon alloys are in accord with our own observations. On page 343, how- 
ever, he states that only a small change in elongation and no appreciable changes in 
sti^gth or elastic limit result ftmn “heat treatment.” This is not correct if the term 
“heat treatment” is used in the broad sense which would include solution and spheroi- 
diasng treatm^ts, by which the properties of aiuminum-siheon aUoys can be markedly 
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changed.* The elongation of a commercial 5 per cent, silicon alloy sand casting, for 
example, was increased from 4,5 to 11.5 per cent, by heating 40 hr. at 565® C. and 
quenching. At the same time the tensile strength was increased from 19,414 ib. per 
sq. in. to 22,800 lb. per sq. in. In an alloy of about the same silicon content but of 
higher purity, the elongation was increased from 9.5 to 25.2 per cent, by heating 75 
hr. at 565° C. and quenching. The strength was slightly increased at the same time. 
By cooling slowly instead of quenching, an elongation of 32.5 per cent, was obtained 
but with greatly decreased strength and hardness. 

A. J. Lyon (written discussion). — The author wishes to thank Dr. Archer for his 
contribution. The information on the effect of heat treatment on the aluminum- 
silicon alloy and the effect of aging for a long period of time on the duralumin-type 
alloy is of particular interest. 

The suggestion for taking advantg^ of the aging characteristics of certain of the 
aluminum alloys to facilitate the fabrication operations on wrought alloys or the 
straightening operations on cast alloys is a sound one and has been quite generally 
adopted. However, the high-strength casting alloys, such as those of the duralumin 
and Lynite 195 type, should be artificially aged following any straightening or forming 
operations performed on the quenched material at least before the part is placed in 
service in either aircraft or aircraft engines. It would be undesirable to have any 
yielding at points of maximum stress, as this would naturally throw out of line various 
interconnected parts. 

The increased values shown in Table 2 for the proportional limit of the 5 per cent, 
copper-aluminum alloy quenched and aged may ^en be used by the designer. It is 
necessary that parts for either aircraft or aircraft engines be artificially aged to pro- 
duce the physical properties used as a basis of design for the reason that, in laige-scale 
production or in time of an emergency, 90 days after the castings leave the foundry 
they might be in actual service. In mrcraft the factors of safety, or load factors 
as they are more properly called, have not quite the same significance as the factors 
of safety in other engineering structures. Actually there is no factor of safety when 
an airplane is subjected to certain maneuvers or conditions. 

In reference to the statement, “All alloys that can be hardened by artificial aging 
will harden spontaneously if allowed to stand for a suflScient length of time,” it has 
been found that, in all cases where the alloys harden when aged at atmospheric tem- 
perature for long periods of time, practically the same properties can be obtained by 
artificially aging at the proper temperature and for the proper time. It iq>pears from 
the data available that the rate of hardeningisprimarily dependent on temperature, 
chemical composition, and condition (chill-cast, sand-cast, wrou^t). It is also ap- 
parent from the information available on this subject that the rate of hardening for any 
given temperature proceeds more rapidly at first and decreases with continued exposure, 
and there is a graph on page 243 of the Eleventh Alloy Resemoh Report of the Institute 
of Mechanical Engineers, 1921, which shows that there is a very rapid increase in the 
rate of hardening at about 302® C. These facts, with Dr. Archer^s results on the 
duralumin-type alloy aged for 10 years at atoo^heric temperature, would indicate 
that the rate of hardening at ordinary temperatures is such that there is no prob- 
ability of the aging phenomena going throu^ the complete cycle of hardening and then 
softening. This paper is concerned only witih the portwn of the cycle in which harden- 
ing occurs, and from a practical standpoint it has been shown thfit the ahiminum 
allo 3 ^ that can be hardened artificially will harden naturally and th^r properties 


* Z. Jeffries and R. S. Archer: U. S. Pat^t No. 1508556. 

R. S, Archer, L. W. Kempf and D. B. Hobbs: Heat Treatoent of Aiuminum- 
mlioon ASoys. Froe. Inst. Met. Div., A. 1. M. K (1928) 198. 
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rtty ebaeiy approximate the maximum properties obtained on the artificially 
materials. 

The proper designation of the 8 per cent, copper alloy is as corrected by Dr. Archer. 

In reference to the aluminum-silicon alloy, the author based his statement on the 
sohition treatment in the range 500® to 510® C., which is the same as is used for the 
durahimin-type alloy. The higher soaking temperature employed by Dr. Archer in 
all probability accounts for the improved physical properties. 

J. A. Gann, Midland, Mich.— The question of the stability of magnesium-base 
alloys is of considerable importance at the present time because of the interest in 
these alloys in aviation. This was first bmu^t to our attention about 1924. Based 
on tests then run, we came to the conclusion that there was no change in properties 
due to aging of magnesium alloys containing aluminum or aluminum plus small 
amounts of xinc. This week we have rechecked this point on three alloys ,of which 
we had duplicate specimens that were not pulled at the time castings were originally 
made in 1920. The results are as follows: 

A 3 per cent. line alloy showed 2 m increase of 600 Ib. per sq. in. in tensile strength; 
a 6 per cent, xinc alloy showed an increase of 2400 ib. per sq. in.; an 8 5 per cent, 
aluminum phis 1.5 per cent, xinc alloy showed an increase of 2300 lb. per sq. in. There 
has been no iq^preciable change in hardness in any of these three alloys during this 
8-year period, except in the case of 6 per cent, xinc alloy, where we had an increase 
of 10 points Brinell- These compositions do not correspond exactly to those dis- 
euased in the pi^r, but the results indicate, in confirmation of Lieutenant Lyon's 
woik, that there may be some room-temperature aging effects in certain magnesium- 
base alioys. 

Baemtly we have examined these three alloys microscopically and could observe 
no diange in structure except pos^bly in the magnesium-aluminum-zinc alloy, where 
we tbou^t we saw a very small change due to the precipitation of the magnesium- 
aluminum compound in the aluminum-rich areas. This point, however, should be 
further investigated before definite conclusions are drawn, since the alloys were not 
earefuSy examined immediately after casting. It is difficult to state whether this 
aging ^eet and increase in strength was due entirely to the aluminum, to the zinc, 
or to a combination ibe two. 

Tbe first alloy tested by lieutenant Lyon contamed approximately 4.6 per cent. 
afaumiHim. It should show no age-hardening because the percentage of aluminum 
is bdbw that which wifi be retained in solid solution at room temperature. Both of 
the magacaiuffi-aliiminum-xm allays contain zinc in excess of the solubility limit at 
room tempmture and so may dhow aging effects. 

E. A. Andbsson, Pahn^ion, Pa.— According to the equilibrium diagram for the 
xinc-aluminum system as advanced by Hansen and Gayler, the solubility of zinc and 
rfominum at the 256° tmperature is in the nei^borhood of 35 per cent., sloping down 
indefinitely to about 16 per cent, at room temperature. In all probability the changes 
occurring in the zinc-aluminum alloys noted in Table 7 are more in the nature of a 
reprecipitation of zinc than due to a disintegration of the unstable compound in 
that system. 



Equilibrium Relations in Aluminum-magnesium Alloys 
of High Purity 

By E. H. Dix, Je.* and P. KELLBH,t New Kensington, Pa 

(New York Meeting, February, 1929) 

The use of magnesium as an allo 3 ung element in aluminum alloys 
has been limited, in general, to comparatively small quantities. In 
duralumin-type, strong aluminum alloys, magnesium is present to the 
extent of to ^ per cent, and various grades of Magnalite and the 
“Y" alloy of the National Physical Laboratoiy of England contain up 
to IM per cent. In this country small quantities of aluminum alloy 
sheet containing 4 per cent, magnesium are produced commercially. 

All commercial aluminum contains suflSeient silicon to convert a 
portion of the magnesium added to the compound Mg,Si. It is well 
known that the solubility of both magnesium and magnesium-silicide 
decrease with decrease in temperature. It is, therefore, impossible to 
separate the age-hardening effect of the magnesium-silicide from that of 
magnesium, except by the use of aluminum of such high purity that the 
silicon content is negligible. The present paper is the fifth*-*'*’^ of a 
series from the laboratories of the Aluminum Co. of America reporting the 
results of investigations of the equilibrium relations in aluminum-rich 
alloys made from the high-purity aluminum manufactured by 
this company.® 


Previous Investigations 

A number of investigations have been made of the constitution of the 
complete al iimimiTn -mag nesiiim system and several determinations made 

* Metallurgist, Aluminum Co. of America. 

f Assistant Metallurgist, Aluminum Go. of America. 

* E. H. Dix, Jr.: A Note on the Microetructure of Aluminum-iron Alloys of High 
Purity. Proe. Amer. Soc. Test. Mats. (1925) 26, Pt. 2, 120. 

*E. H. Dix, Jr. and H. H. Kichmdson: Equilibrium Eelations in Aluminum- 
copper Alloys of High Purity. Trans. (1926) 73, 560. 

* E. H. Dix, Jr. and W. D. Keith: Equilibrium Relations in Aluminum-manganese 
AIlo 3 rs of High Purity. Proe. Inst. Metab Div., A. I. M. E. (1927) 315. 

* E. H. Dix, Jr. and A. C. Heath, Jr.: Equilibrium Relations in Aluminum-eilicon 
and A t iiTinimiTn -imn. «iK(v< n AlloyBof High IHirity. Proc. Inst. Metals IXv., A. L M. E, 
(1928) 164. 

*F. C. Wnaj: ^eetmlytic Refining of Aluminum. Tram. Am. E3ectrocfaem. . 
Soc. (1925) 47, 259. 
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of the mutual solubility of the metals in the solid state. Grube,® who 
first determined the constitution and the compounds formed, used very 
small quantities of metal and relied principally on the results of thermal 
analysis. More recent investigations have shown his work to be inaccu- 
rate. The errors were undoubtedly due to the preliminary nature of the 
investigation, the low purity of the aluminum, and the small quantities 
of metal used. He did not determine the equilibrium relations in the 
solid alloys and examined only a few specimens microscopically. 



Fig. 1. — DiAOEAH showing ALUlOimM mn > of the ALXJMINUM-MAGNESnJM SYSTEM. 
(Mbhica, Waltenbubg and Pebbman.) 


Merica, Waltenberg and Freeman^ investigated the solubility of 
magnesium in aluminum in connection with their work on the hardening 
of duralumin. Fig. 1 shows the partial diagram published as the result 
of this investigation. The solid solubility of magnesium is shown to 
decrease from 12.5 per cent, at 450^^ C. with decreasing temperature to 
less than 5.9 per cent, at 300*^ C. 


• G. Gmbe: tJber Magnesium Alumimuml^ieningen. Zt8ch.f. anorg. Chem. (1905) 
46,225. 

^ P. D. Merica, R, G. Waltenberg and J. R. Preemaji: Constitution and Metailog- 
ra^y of Aluminum and Ite light Alloys with Copper and Magnesium. Trans 
(1920) 64, 3, and U. S. Bur. Stds. jSci. Paper No. 337 (1919). 
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Hanson and Gayler*-*->« investigated the complete system and 
published a new diagram (Fig. 2) which has been accepted as more 
accurate than the one by Grube. The curve of solid solubility differs 
from the earlier one by Merica and his associates in that the saturation 
limit at 150° C. is given as 93^ per cent, magnesium. 



Per Cent. Magnesium (by we%htj. 

G ONSTITUTION DIAGRAM OF ALUMINUM-MAGNESIUM ALLOTS. (Ha NHON 
AND GaTLBE.) 

Ohtani^^ studied the constitution of alloys containing from 0 to 40 
per cent, magnesium, but unfortunately the results of this investigation 
are available in abstract only. The abstract gives a solubility of 9.7 

* D. Hanson and M. L. V. Gayler; The Constitution of Alloys of Aluminum and 
Magnesium. Jnl. Inst. Metals (1920) 24, 201. 

® D. Hanson and M. L. V. Gayler: The Constitution and Age Hardening of the 
Alloys of Aluminum with Magnesium and Silicon, Jrd. Inst. Metals (1921) 26, 
321. 

Eleventh Report to the Alloys Research Committee on Some Alloys of Alumi- 
num, Inst. Mech. Eng. (1921) 218. 

B. Ohtani: AUoys of Aluminum and Magnesium. Jrd, Chem. Ind, (Japan) 
(1922) 26, 36. 
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per e<‘nt. at 4(HJ"’ (\ and 7.3 pc^r cent, at 320^ C. These results were 
obtainefl hy usin^ the electrical resistance method. 

The Present Investigation 

The analysis of the high purity aluminum used in this investiga- 
tion follows: 


Copper, Per Cent. 


0 016 


The magnesium was obtained from the American Magnesium Corpn. 
and consisted of the purest extruded, sublimed crystals obtainable. 

The following chemical analysis was obtained for this material: 

Si, 0.00 per cent.; Cu, 0.00; other group II metals, 0.01; Fe, 0.00; 
AI, 0.01; Mg(by diff.), 99.98. 

Preparation of Alloys 

The alloys were melted in a small Hoskins crucible electric furnace, 
employing crucibles machined from Acheson graphite. A melt of about 
500 g. of each alloy was made by melting the aluminum and then adding 
the required amount of magnesium. For some of the alloys containing 
more than 10 per cent, magnesium a 20 per cent, magnesium hardener 
was made and the desired amount of this alloy added to the molten 
aluminum. The crucible was covered with a graphite lid during melting 
and extreme care w^as taken to avoid contamination. 

The practice of adding metallic magnesium to molten aluminum 
appeared to give better castings than when the aluminum-magnesium 
hardener was used. The use of the hardener caused a greater amount 
of dross and it was not possible to obtain castings as free from porosity. 

The melt was thoroughly stirred, skimmed, and poured into either a 
cold vertical graphite mold, producing a bar % in. dia. and 3 in. high, or 
into a horizontal iron mold with an open top, giving a bar in. thick by 
5 8 hi. high by 9 in. long. The latter type of specimen was nearly free 
from segregation and porosity and had a very fine structure. There was, 
however, a slight amount of porosity from piping along the upper surface 
of these bars, which caused difficulty because of the decomposition of 
the piped area during annealing. It was necessary, therefore, to remove 
this part of the specimen before annealing. 

Chemical Analyses 

The chemical analyses were obtained on drillings from a 3.8-in. thick 
chill cast plate sample cast from each melt. The chemical analyses and 
methods of casting the metallographic specimens are given in Table 1. 


Sibcon, Per Cent. 

0.009 


Iron, Per Cent. 


Aluminum (by Differ- 
ence) Per Cent. 


0 020 


99 955 
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Table 1. — Aluminum-magnesium Alloys 


No. 


Analysis 



Mg, Per 
Cent. 

Fe, Per 
Cent. 

, Cu, Per 
Cent. 

Si, Per 
Cent. 

Method of Casting 

1698 

3 19 




Chill cast in iron mold. 

1699 

3 68 




Chill cast in iron mold. 

1696 

4 13 




Chill cast in iron mold. 

1697 

4.20 

0.03 

0.02 

0.02 

Chill cast in iron mold. 

602 

' 4.29 




Chill cast in graphite mold. 

1725 

5.27 




Chill cast in iron mold. 

656 

5.94 

0.02 


0.02 

Chill cast in graphite mold. 

695 

6.16 1 




Chill cast in graphite mold. 

698 

6.65 




, Chill cast in graphite mold. 

605 

7.40 1 




Chill cast in graphite mold. 

604 

7.48 ! 




1 ChiU cast in graphite mold. 

603 

: 8.12 1 




' ChQl cast in graphite mold. 

624 

9.44 




Chill cast in graphite mold. 

657 

9.48 

0.02 


0.02 

' Chill cast in graphite mold. 

625 

10.21 




; Chill cast in graphite mold. 

696 

, 11.23 1 




I Chill cast in graphite mold. 

658 , 

: 11.79 i 

0.03 


0.02 

j Chill cast in graphite mold. 

699 1 

12.06 1 


1 


i Chill cast in graphite mold. 

697 1 

12.34 j 




, Chill cast in graphite mold. 

800 ' 

13.75 , 




Chill cast in graphite mold. 

1621 

14.03 1 

0.03 , 

0 02 , 

0.01 

Chill cast in iron mold. 

801 

14.51 ; 

1 



Chill cast in graphite mold. 

1622 

14.97 

0.03 

0 02 

0.01 

1 Chill cast in iron mold. 

1726 

16.05 ‘ 




; Chill cast in iron mold. 

802 ! 

17,36 

1 



Chill cast in graphite mold. 

1694 1 

20.52 

0.04 

0.02 i 

1 

0.03 



Eutectic Temperature 

The temperature of the eutectic arrest was ascertained by a number 
of cooling curves taken on a 200-g. sample of an alloy containing approxi- 
mately 20 per cent, magnesium. A platinum, platinum-rhodium thermo- 
couple was used in connection with a Leeds & Northrup precision potenti- 
ometer and the practice recommended by the Bureau of Standards^^ 
for protecting the couple from aluminum was followed. The results 
obtained indicated a eutectic temperature of 451° C., which checked the 
work of previous investigators. 

Annealing Methods 

The procedure and apparatus used for annealing to establish equilib- 
rium conditions in the chill-cast alloys have been described in one of 
the previous papers. The maximum temperature used for annealing 

« U. S. Bur. Stds. Tech. Paper No. 170, 193. 

13 E. H. Dix, Jr. and H. H. Richardson: Op. cit. 
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these alloys was 445° C. The length of time necessary to insure complete 
equilibrium at this temperature ivas determined by examining specimens 
quenched after annealing for 24, 48 and 72 hr. The results indicated 
that a period of at least 72 hr. was required. A complete history of the 
six different anneals used in this investigation is given in Table 2. The 
following is a typical procedure; In order to make certain that equilib- 
rium w^as obtained the specimens were first annealed at 440 to 445° C. for 
168 hr. A group w^as then rapidly quenched in cold water and the struc- 
ture taken as representative of equilibrium at this temperature. The 
balance of the specimens were very slowly cooled at the rate of 25° to 
50° in 24 hr. to 400° C. and a group quenched. The remainder were 
slowdy cooled to 375° C., held for 48 hr. and the third group quenched. 
The temperature w’as then slowly decreased to 350° C. and held for 72 
hr., when a fourth group was quenched and the temperature again lowered 
to 300° C., held for 96 hr. and the fifth group quenched. The holding 
time at temperature was increased for each lower temperature because of 
the greater time required to reach equilibrium at the successively 
lovrered temperatures. 

The solubility relations at 200° C. were determined on specimens 
which had been quenched after 168 hr. at 420° to 435° C. and then 
reheated at 200° C. in a salt bath for 2 and 4 weeks. The solubility was 
not determined below 200° C. as the length of time required to establish 
equilibrium would be too great. 

Table 2. — Heat Treatment of Aluminum-magnesium Alloys 
A. Solvbility Determinations 

First Anneal: 

M Nos. 602, 695, 698, 605, 657, 696, 625, 624, 604, 603, 656. 

168 hr. at 420® C. and quenched. 

168 hr. at 420° C., cooled to 300® C. in 24 hr. and quenched. 

168 hr. at 420® C., cooled to 200° C. in 48 hr. and quenched. 

168 hr. at 420® C., cooled to 100° C. in 72 hr. and quenched. 

168 hr. at 420® C., cooled veiy slowly to room temperature. 

Second Anneal: 

M Nos. 658, 699, 697, 800, 801, 802. 

168 hr. at 445® C. and quenched. 

168 hr. at 445° C., cooled to 400° C. in 24 hr., held 24 hr. and quenched. 

168 hr. at 445° C., cooled to 350° C. in 72 hr., held 24 hr. and quenched. 

168 hr. at 445° C., cooled to 300° C. in 120 hr., held 48 hr. and quenched. 

168 hr. at 445° C., cooled to 150° C. in 192 hr., held 36 hr, and quenched. 

168 hr, at 445° C. and sh)wly cooled in the furnace to room temperature. 

Third Anneal: 

M Nos. 697, 657, 695, 625, 699, 605, 696, 800, 801, 802, 1622. 

168 hr. at 440° C. and quenched. 

168 hr. at 440® C., cooled to 400° C. in 24 hr., held 24 hr. and quenched. 

168 hr. at 440° C., cooled to 375° C. in 72 hr., held 48 hr. and quenched. 

168 hr. at 440° C , cooled to 350° C. in 144 hr,, held 72 hr. and quenched. 

168 hr. at 440° C., cooled to 325° C. in 240 hr., held 96 hr. and quenched. 
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Table 2. — {Continued). 

Fourth Anneal: 

M Nos. 1 96, 1697, 1698, 1699, 602, 695, 698, 624, 696, 1726. 

168 hr. at 435° C. and quenched. 

168 hr. at 435° C.. cooled to 400° C. in 24 hr., held 24 hr. and quenched. 

168 hr. at 435° C., cooled to 375° C. in 72 hr., held 48 hr. and quenched. 

168 hr. at 435° C., cooled to 350° C. in 144 hr., held 72 hr. and quenched. 

168 hr. at 435° C., cooled to 300° C., in 240 hr., held 96 hr. and quenched. 

168 hr. at 435° C., cooled to 225° C. in 360 hr., held 168 hr at 225° C. and 
quenched. 

Fifth Anneal: 

M Nos. 698, 695, 697, 625, 696, 2024, 699, 657, 800, 801, 802, 1621, 1622, 1725, 1726. 
168 hr. at 438° C., and quenched. 

168 hr. at 438° C., cooled to 400° C. in 24 hr., held 24 hr. and quenched 

168 hr. at 438° C., cooled to 375° C. in 72 hr., held 48 hr. and quenched. 

168 hr. at 438° C., cooled to 350° C. in 144 hr., held 72 hr. and quenched. 

168 hr. at 438° C., cooled to 315° C. in 240 hr., held 96 hr. and quenched. 

The specimens in this anneal were coated with aluminum paint, in an effort to 
eliminate the blackening of the surface during annealing. The coating of paint 
did not prevent this effect. 

Sixth Anneal: 

M Nos. 801, 802, 1621, 1622, 1726. 

168 hr. at 440° C. and quenched. 

One tube contained the series of specimens packed in the regular manner, while in 
another tube the specimens were packed in finely divided alumina, in an effort 
to prevent the blackening of the specimens during annealing. The specimens 
which had been annealed in the regular manner showed the usual blackened 
surface, while the specimens which had been packed in alumina showed a 
bright surface after the treatment. 

Reheating: 

M Nos. 1696, 1697, 1698, 1699, 602, which had been quenched from 435° C. were 
reheated in a salt bath at 200° C. for 28 days 
M No. 602, which had been quenched from 420° C. was reheated in a salt bath at 
200° C. for 28 days. 

M No. 656, annealed 168 hr. at 420° C., slowly cooled to 200° C. and quenched. 

Reheated 12 days at 300° C. and quenched. 

M No. 603, annealed 168 hr. at 420° C. and quenched. Reheated 12 days at 
300° C. and quenched. 

M No. 604, annealed 168 hr. at 420° C., slowly cooled to 200° C. and quenched. 

Reheated 12 days at 300° C. and quenched. 

M No. 695, annealed 168 hr. at 440° C., slowly cooled to 325° C. and quenched. 

Reheated 12 days at 300° C. and quenched. 

M No. 605, annealed 168 hr. at 440° C., slowly cooled to 325° C. and quenched. 
Reheated 12 days at 300° C. and quenched. 

B, Solidus Determination 
M Nos. 800, 1621, 801, 1622, 1726. 

72 hr. at 435° C., slowly raised to 452° C., held 20 min, at temperature and quenched. 
Effect of Annealing 

The specimens, after the above annealing treatment, presented a 
blackened appearance resulting from a decomposition of the surface. 
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It was found however, that packing the specimens in tubes with finely 
divided alumina eliminated this blackening. 

Hanson and Gayler state that specimens which had been heated 
under reduced pressure conditions showed white etching borders on the 
outside and along cracks which they attributed to a distillation of 
magnesium. Similar conditions were noted in this investigation in 
specimens containing a relatively large amount of magnesium when 
annealed under atmospheric pressure. 

It was feared that the distillation of magnesium during annealing 
might lower the magnesium content to an extent which would affect the 
accuracy of the solid solubility determinations. For this reason analyses 
before and after annealing were made on a number of specimens, the 
compositions of which were near the saturation limit at four annealing 
temperatures. The entire outer surface of these specimens was removed 
and the part remaining completely dissolved in sodium hydroxide and 
analyzed. Some of the differences between the analysis as given by the 
original plate sample and that of the annealed specimens of the same 
alloy may have been the result of some slight segregation in the original 
cast test bars. The analyses of some of the samples after annealing are 
compared with the original cast analyses in Table 3. 

Table 3. — Effect of Annealing on Magnesium Content 

Annealing Temperaturet Cast Analyffla; Ms, Analysis after Annealing; Mg, 

0eg. C. Per Cent. Per Cent. 


350 10.24 10.04 
375 11.23 10 68 
400 12.06 ‘ 11.81 
440 I 14.97 14.93 


From these results it will be seen that the distillation of magnesium 
from the specimens during annealing did not appreciably affect the 
composition of the alloys. The small differences noted, however, were 
eliminated by plotting the points according to the analysis after annealing. 

Microstbuctxjre of the Alloys 

Grube^^ showed a maximum on the liquidus curve between 54 and 55 
per cent, magnesium, which led him to suggest the formation of the 
compound Mg 4 Al 3 . Merica and his associates^® accepted this formula 
as representing the constituent found in the aluminum end of the system. 
However, Hanson and Gayler^® later submitted their diagram of Fig. 2, 


“ G. Grube: Op. cU. 

P. H. Merica, E. G. Waltenberg and J. R. Freeman: Op. cit, 

D. Hanson and M. L. V. Gayler; Op. cit., Jnl. Inst. Metals (1920) 24, 201. 
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which shows two maxima on the liquidus curve, the first at 37H per cent, 
magnesium, corresponding to the formula MgoAls, and the second at 57 
per cent, corresponding to Mg 3 Al 2 . They state that MgoAh and alumi- 
num form a simple eutectiferous series with the eutectic very near the 
composition of the compound. The temperature of the eutectic arrest is 
evidently close to the melting point of the compound, thus making it 
very diflScult to determine by means of thermal analyses the constitution 
in this particular range of composition. 

In some unpublished work by J. A. Boyer, in the laboratories of the 
American Magnesium Corpn. it was found that an alloy containing 373-'^ 
per cent, magnesium (the theoretical composition of the compound) 
when very slowly cooled contained a considerable amount of a second 
constituent. Increasing the magnesium content above 373^^ per cent, 
increased the quantity of this constituent. Boyer concluded that the 
constituent occurring in aluminum base alloys had not been identified as a 
definite compound, but the composition MgaAls seemed improbable, and 
that the constitution is evidently more complex in this region than 
indicated by the diagram of Hanson and Gayler. 

The determination of the constitution in this region is outside of the 
scope of this paper and in view of the facts presented above the authors 
prefer to indicate the constituent occurring in aluminum-magnesium 
alloys containing less than 30 per cent, magnesium, as the phase. 

Fig. 3 illustrates the as cast structure of a rod by % in. in section 
of an alloy containing 14.51 per cent, magnesium, cast in an iron mold. 
This micrograph shows a discontinuous network of P particles in an 
aluminum-magnesium solid solution matrix. The p constituent is nearly 
the same color as that of the aluminum matrix and does not polish in 
relief to the same extent as most of the other constituents found in 
aluminum aUoys. It was found advisable, therefore, to etch the speci- 
mens with per cent, aqueous hydrofluoric acid solution in order to 
bring out the grain boundaries and outline, the constituent. This etching 
solution, which was applied to the polished surface with a soft cotton 
swab, was very satisfactory in removing small amounts of surface flow. 

Fig. 4 illustrates the structure of the same alloy which had been 
annealed for 168 hr. at 435° C. and quenched. A few particles of ^ 
constituent arranged along the grain boundaries indicated that this 
concentration was just in excess of the solubility limit at this temperature. 
Fig. 5 shows the amoimt of excess P constituent formed by slowly cool- 
ing the same alloy to 400° C. subsequent to a solution treatment of 168 hr. 
at 440° C. 

Fig. 6 shows a coalesced precipitate of p in an alloy containing 7.40 
per cent, magnesium, which had been annealed at 420° C. for 168 hr. 
and then slowly cooled to 400° C. and quenched, subsequently reheated 
to 300° C., held for 12 days and quenched. Fig. 7 shows the p precipitate 
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developed by reheating for 28 days at 200® C. an alloy containing 6.16 
per cent, magnesium, which had previously been quenched from equilib- 
rium at 400° C, Fig. 8 shows the precipitate of the ^ phase developed 
at the grain boundaries by reheating for 28 days at 200° C. an alloy 
containing 4.29 per cent, magnesium, which had been previously quenched 
from equilibrium at 420° C. This alloy and the one containing 4.13 
per cent, magnesium represented the lowest concentrations of magnesium 
which showed excess when in equilibrium at 200° C. 

Eutectic Horizontal 

The maximum solid solubility and the eutectic temperature were 
checked by the following experiment: 

A series of specimens containing from 14 to 17 per cent, magnesium 
was annealed for 72 hr. just below the eutectic temperature as previously 
determined by thermal analysis. After equilibrium had been estab- 
lished by this annealing the temperature was slowly raised to 1° or 2° C. 
above the eutectic temperature and held for approximately 20 min. and 
the specimens quenched. The apparatus and method of controlling 
and accurately ascertaining the temperature of the specimens have been 
fully described in a previous publication.^^ The specimens treated as 
described above were examined microscopically for evidence of incipi- 
ent fusion. 

Fig. 9 shows the structure of one of the specimens of this series con- 
taining 16.05 per cent, magnesium, which had been subjected to the 
treatment described above. Incipient fusion at the grain boundaries 

E. H. Dix, Jr. and A. C. Heath, Jr.; Op. dt. 

Fig. 3. — Aluminum allot (14.51 per cent. Mg) chill cast in iron mold. 
Etched with 0.5 per cent. HF. X 500. 

Shows discontinuous network of /3 constituent in matrix of aluminum-magnesium 
solid solution. 

Fig. 4. — Aluminum allot (14.51 per cent. Mg) annealed 168 hr. at 435° C. 
AND quenched. EtCHBD WITH 0.5 PER CENT. HF. X 500, 

Shows small particles of constituent remaining after above treatment. 

Fig. 5. — Aluminum allot (14.51 per cent. Mg) annealed 168 hr. at 440° C., 
SLOWLT cooled TO 400° C. AND QUENCHED. EtCHED WITH 0.5 PER CENT. HF. 
X 500. 

Shows increase in amount of ^ constituent over Fig. 4. 

Fig. 6. — Aluminum allot (7.40 per cent. Mg) annealed 168 hr. at 420° C., 

SLOWLT COOLED TO 400° C. AND QUENCHED,* REHEATED TO 300° C., HELD FOR 12 DATS 
AND QUENCHED. EtCHED WITH 0.5 PER CENT. HF. X 500. 

Shows coalesced precipitate of /3 in Al-Mg solid solution. 

Fig. 7. — Aluminum allot (6.16 per cent. Mg) quenched from 400° C, and re- 
heated 28 DATS AT 200° C. Etched with 0.5 per cent. HF. X 500. 

Shows coalesced precipitate of ^ constituent in aluminum-magnesium solid 
solution. 

Fig. 8. — Aluminum allot (4.29 per cent. Mg) quenched prom 420° C. and re- 
heated 28 DATS AT 200° C. Etched with 0.5 per cent. HF. X 500. 

Shows precipitate of jS constituent at the grain boundaries produced by reheating. 
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will be observed in this micrograph. A very small amount of incipient 
fusion was also noted in the alloy containing 14.97 per cent, magnesium, 
but not in the specimen containing 14.51 per cent. Hence the end of 
the eutectic horizontal must lie between these two concentrations. 


Modified, Diagram 

The modified solid solubility curve shown in Fig. 10 was based on 
the results of the microscopic examination of 25 different alloys and six 



different anneals. The specimens which had been annealed to produce 
equilibrium at various temperatures were carefully examined in order to 
detect the presence of even small quantities of p constituent in excess of 
the solubility limit. In the ease of concentrations lying very close to 
the solubility curve it was at times difficult to determine whether there 
was any excess constituent present or not, for small, black specks left 
from polishing could not be differentiated from fine particles of con- 
stituent. The fine dots in Figs. 4 and 5 illustrate this difficulty. In 
such doubtful cases occurring at the lower temperatures the specimens 
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Fig. 9.— Aluminum allot (16.05 per cent. Mg) annealed 72 hr. at 435® C., 
SLOWLY HEATED TO 452° C. AND QUENCHED. EtCHED WITH 0.5 PER CENT. HF. X 
500. 

Shows incipient fusion of the eutectic. 

Fig. 11. — Aluminum allot (10 per cent. Mg) sand cast. Etched with 0.5 
PER cent. HF. X 100. 

Shows network of jS constituent. 

Fig. 12. — Aluminum AiiLOY (10 per cent. Mg) sand cast, annealed 24 hr. at 425° 
C. AND quenched. EtCHBD WITH 0.5 PER CENT. HF, X 500. 

Shows network of insoluble constituent mostly Mg 2 Si remaining after the jS con- 
stituent had gone into solution. 

Fig. 13. — Aluminum alloy (10 per cent. Mg) sand cast, annealed 24 hr. at 
425® G. AND QUENCHED. AGED 15 HR, AT 200° C. EtCHED WITH 0.5 PER CENT. HF. 
X 500. 

Shows precipitate of /3 constituent and a network of MgsSi. 
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were reheated a sufficient length of time to cause the particles to coalesce 
to a size where they could be more readily identified. In any case by 
comparing such specimens with those of slightly higher magnesium con- 
tent a very good estimate of the solubility limit could be made. 

A modified diagram for the aluminum end of the aluminum-mag- 
nesium system, based on the results of this investigation is shown in 
Fig. 10. The saturation limits for various temperatures are given 
in Table 4. 


Table 4. — Temperature-solubility Relations 


Temperature, deg. C 

451 

400 j 350 

1 

300 ! 250 

200 

Saturation limit (Mg per cent.). . . 

14.9 

11 5 8.7 

6 4 4 9 

! 

' 4.0 


The solubility at the eutectic temperature is thus shown to be less 
than 2^ per cent, higher than obtained by Merica and his associates 
and nearly 4 per cent, higher than reported by Hanson and Gayler, while 
the result obtained at 300“ C. substantiates the work of Merica, as 
opposed to the much higher value of per cent, reported by Hanson 
and Gayler. The results which Ohtani obtained by the electrical resist- 
ance method are interesting for comparison. At 400“ C. his results 
indicate a saturation limit of 9.7 per cent, which is nearly 2 per cent, 
lower than that determined by this investigation, although at 320“ C. 
his value of 7.3 is substantiated. 

SuSCEPTIBILITT OF ALTJMINtrM-lIAGNESIUM AlLOYS TO PRECIPITATION 

Heat Treatment 

The solubility curve of Fig. 10 shows a difference of approximately 
11 per cent, between the saturation limits of magnesium in aluminum 
at the eutectic temperature and room temperature. This would indicate 
that these alloys should have great possibilities as regards the suscepti- 
bility to precipitation heat treatment. However it has been found 
to be very difficult to produce satisfactory sand castings from alloys 
containing 10 per cent, or more magnesium. There is apparently a 
reaction between the molten alloys and the moist sand which interferes 
with the production of satisfactory castings. However, the results 
obtained on test bars, cast to size in sand, of 10 per cent, magnesium- 
aluminum alloy may be of interest (see Table 5). 
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Table 5 . — Mechanical Properties of Cast 10 Per Cent, Magnesium- 

aluminum Alloy 


Condition 

Yield Point, 
Lb. per 

Sq. In. 

Tensile 
Strength, 
Lb per 
Sq. In. 

Elongation ; 
in 2 In., 
Per Cent 

1 

Brinell 

Hardness 

As cast 

20,200 

21,610 

1.0 

71.3 

After solution heat treatment 

After solution heat treatment and 

24,300 

35,100 

8.3 1 

73.0 

aging 14 hr. at 150° C 

After solution treatment and aging 

22,700 , 

34,715 

7.3 

73.7 

8 hr. at 175° C 

After solution treatment and aging 

1 27,825 j 

1 

> 

1 35,535 

5 5 

77.7 

12 hr at 175° C 

; 28,750 1 

32,925 

! 1.8 1 

87.0 


Attempts to improve these properties by artificial aging were unsuccess- 
ful. Fourteen hours at 150° C. produced practically no effect, whereas 
8 hr. at 175° C. slightly raised the tensile strength and Brinell hardness, 
but decreased the elongation. Twelve hours at 175° C. caused a marked 
decrease in tensile strength and elongation, but an increase in Brinell 
hardness. It is quite possible that a technique of sand casting these 
alloys could be developed so as to prevent the deterioration previously 
mentioned, and also that these alloys might hold some promise for 
permanent mold casting. However, there are other aluminum alloys, 
notably the aluminum-copper group, which yield just as satisfactory 
properties and are much easier to handle. 

Figs. 11 to 13 are of interest as illustrating the effect of heat-treating 
on the structure of an alloy of this type. Fig. 11 shows the alloy as sand 
cast. Fig. 12 shows the same alloy as quenched after a solution treat- 
ment of 24 hr. at 425° C. Fig. 13 shows the quenched alloy after an 
aging treatment of 15 hr. at 200° C. This aging increased the Brinell 
hardness to approximately 100. 

The alloys just discussed were not made from high purity metal and 
therefore there was sufficient silicon to produce some magnesium silicide. 
The network in Figs. 12 and 13 consists largely of this constituent. 
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DISCUSSION 

M. G. CORSOX, Jackson Heights, N. Y. — The diagram in Fig. 10 seems to be 
rather perfectly established as far as it is based upon microscopic examination of 
annealed alloys, and the high-grade technique used by Mr. Dix in investigations of 
this kind certainly leaves nothing to be criticized. 

There remain, however, two points which I believe are open to a great deal of 
doubt. One lies in the absence of certain features which must accompany any binary 
diagram of the type investigated by Mr. Dix, the second in the justification of the use 
of microscopic examination alone for the establishing of constitutional diagrams. 

Consider an alloy containing 6 per cent, magnesium. According to the present 
diagram, in which the liquidus and solidus lines were established by other authorities 
in the past, this alloy will start its crystallization by forming nuclei with about 2 
per cent, magnesium while the last drop of the molten mass will contain about 14 
per cent. Mg (and probably more, since one hardly can expect the equilibrium to 
become fully established during the comparatively short period of crystallization). 

In cases of this kind a great deal of coring is to be expected, but while I made only 
a few aluminum-magnesium alloys, I have never been able to develop any coring 
whatsoever, no matter what method of etching has been used. This is the more 
strange in the light of my experience with aluminum-copper, aluminum-zinc, 
aluminum-copper-zinc and aluminum-nickel alloys, all of which showed a well pro- 
nounced coring when etched with Vilella’s reagent (a mixture of glycerol, hydrofluoric 
and nitric acid). 

Why does this happen with magnesium? The only possible explanation I could 
suggest lies in an entirely different shape of the solidus line, as presented by Fig. 14. 

Here we imagine the solidus line to occupy either the position ABC or ADC. In 
the first case its closeness to the liquidus line will prevent any large difference in the 
composition of the first crystalline nuclei and of the last drops of the melt and conse- 
quently no coring will be found. In the second case the chemical difference between 
the layers of the crj'stals will increase rather slowly as long as the composition of the 
melt is represented by a vertical line to the left of the point D. Beyond this latter 
point, the remaining liquid will crystallize mostly in the shape of the secondary con- 
stituent and in its presence the chemical attack in etching will concentrate at the 
phase boundaries, leaving the chemical differences in the alpha phase entirely 
undeveloped. Again, no coring will be found. 

An alloy with say 6 or 5 per cent, magnesium must evidently represent a uniform 
alpha phase above the transition line as determined by Mr. Dix. In this region the 
alloy should also be easily workable. It is reasonable to expect that, either on plain 
annealing of the cast metal or by combining mechanical work and annealing, a well 
reciy^stallized structure with sharp grain boundaries should ensue. Mr. Dix does not 
show a single photomicrograph of such a kind. Nor could I myself ever obtain a 
good ciystalline photomicrograph of an Al-Mg alloy above 2 per cent, magnesium. 
Is not this feature too queer and entirely out of agreement with everything we know 
about such alloys as represent solid solutions in one or another thermal region? 

Regarding the transition (solubility) line, as determined by Mr. Dix on the basis 
of a straight microscopic investigation: Systems of this type occurring in other 
binary alloys are always accompanied by a possibility of a far-reaching dispersion 
hardening on the application of the usual process of thermal treatment. An alloy 
of aluminum with copper containing 5 per cent, of the latter will contain probably less 
than 7 per cent, by weight and 5.5 per cent, by volume of the ultramicroscopically 
dispersed CuAb, and still its hardness will increase from 40 Brinell in the quenched to 
120 in the heat-aged state— an increase of 200 per cent. On the other hand, an alloy 
with 10 per cent. Mg ought to contain about 16.5 per cent, by weight and probably 
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more by volume of the dispersed secondary constituent containing 36 per cent. Mg. 
One might expect a hardness of 200 Brinell at least for the 73 Brmell in the quenched 
state, while the actually obtained hardening does not go beyond 14 units Brinell — 
an increase of only 20 per cent. "VMiy? 

On the other hand, a hardness of 73 Brinell is decidedly above anything that 
could have been expected for a solid-solution alloy with aluminum for its base. The 
latter metal has a hardness of 16 Brinell only and all our information about other 
aluminum alloys, in fact about alloys m general, points to the impossibility of increas- 
ing the hardness of a metal by more than 150 per cent, b^^ alloj^ing it m such a way 
as to form a uniform solid solution. 

The solubility line obtained by Mr. Dix has only one definite meaning; namely, 
that to its right any point represents a two-phase state under any given conditions, 
and that this two-phase structure can be made microscopically visible after a certain 
period of annealing. On the other hand, it does not prove at all that any point to its 
left represents a uniform solid solution. Previous investigators located the same 



Fig. 14. — Positions of the solidus 
LINE explaining THE ABSENCE OP COR- 
ING EFFECTS. 



Fig. 15. — Hypothetical diagram of 
Al-mg alloys. 

CEY = region of quick precipitation and 
rapid growth. 

YEX = remon of quick precipitation and 
Sow growth. 

PEX = region of slow precipitation and 
^ow growth of the beta phase. 


solubility line far to the right for the reason that in their experiments the duration 
of the anneal was too short and the particles of the secondary constituent did not have 
a chance to grow beyond the ultramicroscopic size. By analogy we can infer that 
alloys which at the annealing temperatures used by Mr. Dix appeared to lie to the 
left of the solubility line might also show the secondary constituent if the anneal had 
lasted 10 times as long. 

It is unfortunate that Mr. Dix did not take the trouble to incorporate in his experi- 
mental methods, besides his excellent microscopic technique, such important and 
fruitful ones as the examination of the electric conductivities and of the volumetric 
changes. Again, aluminum-magnesium alloys of high magnesium content, while 
they do not hot-roU easily, can be successfully extruded up to 12 per cent. Mg, and 
constitutional examinations upon wrought alloys are far more instructive than those 
made upon the cast ones. Work breaks up impurities (oxides), helps to uniformize 
the chemical composition, helps to obtain a more definite grain formation, etc. An 
examination of the electric conductivities would locate a precipitation of the secondary 
phase while its crystals are still far too small to show up at any magnification, and 
for this reason might have supplemented the visual examination in the most definite 
manner. It is regrettable that large companies do not make use of all these methods 
even when they start upon the road of fundamental research, particularly because 
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thf*rt* no scientific institutions that can afford to restud^' problems of this kind in 
a thorough maimer, anfl thereby fill in the gaps, 

Mr. Dix and Mr. Keller should be congratulated for a well founded mass of new 
facts indicating where the solubility line may not lie, but their own equilibrium 
diagram leaves h:) much unexplained regarding the behavior of aluminum-magnesium 
alloys that it can not be even approximateh' true. Xot having any facilities for 
presenting a diagram based upon experimental data, I feel it still possible to suggest 
a modification as shown in Fig. 15, which I believe will explain many of the strange 
features of aluminum-magnesium alloys in a quite plausible manner. My solidus 
line ADC explains why the cast alloys show little or no coring and why the secondary 
phase starts to crystallize out of the melt even in alloys of whiesh the composition is 
quite remote from the eutectic line. My solubility’' (transition) line CEF explains a 
number of things; namely: 

1. Alloys and states represented by points above the line CE can not be retained 
intact, no matter how drastic the quenching, for the reason that the solubility /tem- 
perature factor diMg)/dT is too large. The tendency of beta to precipitate is too 
strong and on passing the line CE a large part of the beta precipitates under any set 
of conditions. On the other hand the temperature at which this precipitation occurs 
Is so high that a considerable gram growth of the beta takes place. This growth, not 
sufficient to make the grainlets visible, is sufficient to minimize the hardening effects. 
Btill, while some particles remain at the dimensions favorable for the hardening effect, 
the latter can not be totally absent. For this reason, the cast alloys of Mr. Dix had 
the excessive hardness of 71 and could still be hardened to 87 Brinell. Had Mr. DLx 
used extruded alloys, where dispersion phenomena are likely to be better controlled, 
he probably would obtain the usual hardness of 120 pertaining to nearly all aluminum 
alloys hardened by heat treatment. 

2. The same position of the CE part of the solubility line would explain why it is 
so difficult to work high-magnesium alloys. The temperature range in which they 
represent true solid solutions is so narrow that either the alloy contains a molten mass 
at the grain boundaries or is full of the secondary constituent within its grains, and 
for this reason too hard and stiff for work. 

3. The position of the lower part EF of the solubility line would indicate a rather 
low value for d(Mg)/dT below and to the right of EF, For this reason such alloys 
ought to be expected to precipitate the secondary constituent with an extreme 
difficulty, to say nothing about the obstacle to growth caused both by the complicated- 
ness of the beta structure and the low mobility of the atoms of magnesium corre- 
sponding to the same low values of d(Mg)/dir. 

My hypothesis increases in probability on the basis of the recent investigations 
of the Al-Ag system by Hansen, who found conditions practically identical with those 
proposed in this discussion. 

C. S. Smith, Waterbury Conn, — I think it is generally preferable, when determin- 
ing solubility limits, to quench the samples from a high temperature at which they 
are homogeneous and then to reanneal them at the desired lower temperature, than 
to cool (slowly) directly to the low temperature. When working on the copper- 
silicon diagram I found that the former method gave a much more rapid approach 
to eqxiilibrium. The reason for this is probably connected with the formation of 
nuclei; for if the alloys are slowly cooled to a point just below the solubility line, they 
will be in the metastable range and the possibility of the formation of nuclei will be 
small. On the other hand, if the specimens are first quenched from a high tempera- 

S. Smith: The a-phase Boundary of the Copper-silicon System, Jnl, 
Inst. Met. (1928) 40, 359. 
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ture and then reheated, nuclei will form during the reheating period and the growth 
of these to the true solubility limit is a comparatively rapid process. 

The formation of nuclei is also considerably hastened if the quenched alloy is 
cold- worked before reheating. Copper-silicon alloys after quenching and hammering 
to reduce them about 5 per cent, in thickness will reach equilibrium in about 24 hr. 
at 600° C., but if they are slowly cooled from 780° to 600° at least 48 hr. is necessary 
before precipitation is complete. 

F. Kelleb. — Mr. Corson’s remarks are interesting. He mentions a submicro- 
scopic solubility range and also the fact that he has not seen coring and grain 
boundaries developed satisfactorily in alummum-magnesium alloys. 

The present solubility line was determined principally by microscopic examination 
of small chill-cast specimens which were given a prolonged annealing at the various 
temperatures to insure equilibrium conditions. Of course, other methods may be 
used to determine the actual solubility, such as the X-ray method and the electrical 
resistance method. We do not feel that the X-ray method has been developed suffici- 
ently for the results to be interpreted to -within very close limits on solubility work. 
The electrical resistance method has been used to some extent and some of the results 
by Ohtani, which we quoted, were obtained by this method. However, the method 
that is used to determine solubility relations is just one factor and it is felt that the 
question of obtaining equilibrium conditions is important no matter what method 
is used. 

We do not have any trouble in regard to grain boundaries if we etch correctly 
for this purpose. The reason grain boundaries were not evident in the photomicro- 
graphs shown by slides at the meeting was that in order to develop grain boundaries 
it is necessary to etch rather severely. In this case, the etching reagent attacks the 

phase and we did not feel that it would be satisfactory to have photomicrographs 
in which the constituent was attacked. 

Mr. Smith said that it is generally preferable to quench the samples from a high 
temperature and then reanneal them at the desired lower temperature, than to cool 
slowly directly to the low temperature. We have obtained good results from anneal- 
ing at a high temperature and very slowly cooling to the desired temperature and 
holding for what we considered a sufficient period of time to insure equilibrium before 
quenching. Both methods should establish equilibrium if the time of annealing is 
long enough. It is merely a question from which direction we wish to approach 
equilibrium. 

At the lower temperatures, 200° to 300° G., the results were obtained by reheating 
specimens previously quenched from higher temperatures. Mr. Smith said that 
equilibrium may be attained more readily if the quenched alloy is cold-worked 
before reheating. We have also found this to be true and on some of our present 
investigations we are carrying out solubility determinations on wrought sheet instead 
of chill-cast alloys. We find that we can readily get satisfactory equilibrium condi- 
tions with much shorter annealing times. In some systems it is impossible to use 
wrought material. It also requires larger quantities of metal, and equipment that is 
not always available. 

In some of the photomicrographs we showed a number of particles of the j3 phase 
about as large as we could identify under the microscope. When the particles 
became smaller, it was extremely difficult to distinguish the particles of constituent 
from small polishing defects. 

E. H. Ddc, Jb. and F. Kelleb (written discussion). — Mr. Corson’s remarks may . 
be taken as a general criticism of the methods used in the laboratories of the Aluminum 
Company of America in determining the equilibrium relations in aluminum alloys 
made from high-purity aluminum, therefore the authors desire to reply in somewhat 
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grfatiT l<‘n^th than winiM otln*n\iM‘ ht‘ ju^tifiahk*. The promlure employed in the 
pre.seiit inv(‘^tig;at^<)^J }la^ U'^ed in the following by.stems in the order named: 

Ahiniinum-in)n, ahimixmni-<*opiK*r, alum mum-manganese, aluminum-silicon, and 
aluminum-in )n-siik*on. Of tht^se the aluminum-copper and the aluminum-silicon 
systems show an appreciable solubility in the sohd state. The solubility curves as 
obtained by a microscopic examination of chill-cast and annealed specimens in these 
systems have been checked by electrical resistivity measurements on rolled samples 
and the agreement between the two methods has been extremely close. 

The authors agree with Mr. Corson that it is diflScult to get the last traces of an 
element out of solution and that without sufficiently prolonged annealing treatment 
the precipitate may be so fine that it can not be seen under the microscope. It is 
equally true that such small quantities of excess constituent cannot be detected by 
X-ray methods, at least with the present state of our knowledge. 

The interpretation of electrical resisti\dty data is likewise open to question, for 
although it is generally assumed that the precipitation of a constituent from solid 
solution decreases the electrical resistivity, there are indications that in some alloys, 
under some conditions, if the precipitate is of a certain critical size, the resistivity may 
even be increased. It is aso probably true that particles of submicroscopic size 
have a greater effect on the electrical resistivity than microscopically visible particles. 

There is so little known about the volumetric changes that may be produced by 
precipitation and coalescence of the precipitate that it would be unwise to draw con- 
clusions regarding solid solubility from volumetric measurements. Some time in 
the future this method may be developed so that it will be of use in such investiga- 
tions, but for the present we must use the tools which have been proved. 

The direct method, therefore, is that of microscopic examination. Wherever 
possible this should be checked by electrical resistivity methods. However, from the 
evidence obtained in the investigation of the aluminum-copper system the authors 
believe that a submicroscopic precipitate can be coalesced to a size that is readily 
visible under the microscope, by prolonged heating at a relatively low temperature, 
such as 200° C. This is illustrated by Pigs. 5d and 5e, shown in a paper by Dix and 
Richardson.*® The precipitate of Fig. 5e was produced by annealmg the specimen 
shown in 5d for two weeks at 200° C. The specimen of 5d was originally quenched 
after 11 da^'s at 540° C.; it contained 4.05 per cent, copper. It has been the authors’ 
experience that the particles of precipitate in the aluminum-magnesium alloys coalesce 
much more rapidlj" than in the aluminum-copper alloys. 

In the aluminum-silicon system experiments have been carried out by A. C. Heath, 
Jr. in these laboratories, in which samples have been heated for from 6 to 9 months at 
200° C. and the data obtained by electrical resistivity methods, as well as microscopic, 
agreed with the original solubility curve obtained by methods similar to those used in 
the aluminum-magnesium system. 

Mr. Corson’s discussion concerning the probable shape of the liquidus and solidus 
lines in the aluminum-magnesium diagram is based on a false premise; namely, that 
it is not possible to reveal coring and grain boundaries in aluminum-magnesium alloys 
containing more than 2 per cent, magnesium. Fig. 16 shows the chill-cast structure 
of an aluminum-magnesium alloy containing 10 per cent, magnesium. Coring is 
plainly visible, as are also grain boundaries which divide the area shown into three 
grains. Therefore we do not feel called upon to comment further in regard to the 
highly hypothetical diagram which he has proposed. 

Let us come now to the Brinell hardness data by which Mr. Corson attempts to 
disprove the solubility limits determined by microscopic examination. In the first 

*®E. H. Dix, Jr. and H, H. Richardson: Equilibrium Relations in Aluminum- 
copper Alloys of High Purity. Trans, A. I. M. E. (1926) 73, 560. 
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place, the increase in hardness values which he quotes as being produced by aging a 
5 per cent, copper alloy seems to exaggerate the situation somewhat. For instance, to 
quote from the paper by Dix and Richardson, the Brineil hardness of a 4 per cent, 
copper-aluminum alloy as slowly cooled during solidification is 39, as chill-cast, 44, 
whereas the same specimen after slow cooling from equilibrium at 540° C. has a hard- 
ness of only 30. By quenching from equilibrium at 540° C. the hardness is increased 
to 65. 



Fig. 16. — Aluminum alloy (10 per cent, magnesium). Chill cast in iron 
MOLD. Shows cored structure and grain boundaries. X 500. Etched with 
HF-HCI-HNO 3 . 

Archer^® has given the following values for an alloy containing 4.5 per cent, copper. 

Bkinell 

Condition Hardness 

Annealed — ^large particles of CuAb -30 

Quenched from 540° C. — solid solution 60 

Quenched from 540° C. — artificially aged at 150° C., CUAI 2 precipitate, very 
fine particles 110 

Thus quenching produces a 100 per cent, increase in hardness over the annealed 
condition, and aging produces a further increase of about 85 per cent. These figures 
do not agree very well with Mr. Corson^s value of 200 per cent, increase in hardness 
caused by aging alone. The following Brineil hardness values, which were obtained 
in the investigation under discussion but not included in the paper, should be of 
interest, since they substantiate the solubility limits obtained microscopically. They 
were obtained on an aluminum-magnesium alloy containing 4.29 per cent, magnesium, 
which had been annealed for one week at 420° C. and then treated in a variety of 
manners as indicated below: 

R. S. Archer: The Hardening of Metals by Dispersed Constituents Precipitated 
from Solid Solutions. Trans, Amer. Soc. for Steel Treat. (1926) 10, 718. 
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Slowly cooled j 

i 


Ov"er period of 10 days 

To 100° C. and quenched. 
To 200° C. and quenched 
To 300° C. and quenched. 
Quenched from 420° C 


Bkinbl-l Hardness 
(10-MM Ball, 500- 
KG. Load) 

45 
50 
47 

46 
50 


The limit of solid solubility at 200° C. as determined by microscopic examination 
is 4 per cent. The Brinell hardness test is probably not sufficiently sensitive to indi- 
cate the effect of the slight amount of magnesium in excess of the solubility limit, 
but the general trend of these %ures indicates that slow cooling, which would tend 
to throw out the excess compound from solution, gives the softest structure, whereas 
quenching, which would retain the slight excess of magnesium in solid solution, gives a 
somewhat harder structure. It is possible that the relatively high hardness shown by 
the alloy slowly cooled to 100° C. and quenched may be explained by the similarity 
of this treatment to an aging treatment that would put the small amount of precipitate 
in condition to produce maximum hardness. Maximum hardness was obtained by 
aging at 175° C., which is 25° to 50° C. below the temperature at which precipitation 
would start in an alloy of this composition. 

Referring again to Mr. Corson’s comments regarding the Brinell hardness quoted 
in our Table 5: the Brinell hardness of the as-cast alloy containing 10 per cent, magne- 
sium is 71.3. This is a composite value representing the hardness of the aluminum 
matrix containing an unknown amount of magnesium in solution, plus a network of 
the hard magnesium-aluminum compound. The tensile strength and elongation of 
an alloy exhibiting this type of structure are comparatively low. By a solution heat 
treatment most of the hard network is removed by solution, with the result that there 
is a marked increase in tensile strength and elongation. There is practically no 
change in hardness. This indicates that the hardening of the aluminum solid solution 
by the increased amount of magnesium in solution has just about balanced the effect 
of removing the hard network of the compound. The aging treatments all tend to 
lower the elongation with little change in tensile strength and Brinell hardness, except 
the 12 hr. at 175° C., which treatment reduces the tensile strength and increases the 
Brinell hardness. This is an indication of overaging. The particles of precipitate 
have reached a size where they are less effective in strengthening the matrix, but 
apparently exert the same kind of hardening influence that the network exerts in the 
as-cast structure. 



Effect of Cold Rolling and Heat Treatment on Physical 
Properties of Britannia Metal 

By B. Egeberg* and Henry Boynton Smith,* Meriden, Conn. 

(Philadelphia Meeting, October, 1928) 

Beitannia metal is a white alloy consisting primarily of tin and 
antimony, the tin greatly predominating. The alloy usually contains a 
small amount of copper and occasionally very small amounts of one or 
two other metals, such as bismuth, zinc, and lead. It is capable of being 
cold-rolled, it takes a high polish, and it is fairly noncorrosive; properties 
which make it a popular metal for many household and traveling utensils. 
Britannia metal is similar in many respects to pewter and has largely 
replaced pewter in the arts, but it should not be confused with that alloy, 
because pewter is essentially a tin-lead alloy, wMle Britannia is a tin- 
antimony alloy. 

In view of the fact that so little has been published concerning Britan- 
nia metal, the authors feel justified in presenting the results of their 
investigation, particularly since the behavior of this alloy under cold 
rolling and heat treatment differs so greatly from that of other metals 
and alloys. 

The old craftsman, engaged in the making of ornaments or tableware, 
heated the cold-rolled sheet metal or his finished product to a straw color 
corresponding to about 375° F., claimmg to produce thereby a harder and 
more rigid article. The fact that possibly led him to this heating was 
that a reheated article or sheet made from Britannia metal has a distinct 
metallic ring when struck a sharp blow, whereas an unheated article or 
sheet has a leady, dead note. No doubt he has associated the metallic 
ring with a greater rigidity and strength, and justly so, as will be seen later. 

The approximate analysis of the metal we investigated was 91 Sn, 
7 Sb, 2 Cu, and the molten metal was bottom-poured into an iron mold 
yielding an ingot 7% in. wide by 11 in. long and ^ in. thick, the casting 
temperature being 800° F. The ingot was cold-rolled to a sheet 0.032 in. 
thick, sufficiently large samples for experimental purposes being cut 
from the sheet at intermediate stages. The samples were all tested for 
hardness with scleroscope and Brinell machine, then heated to 212° F. 
for 30 min., and again tested after cooling to room temperature. The 
same samples were heated successively at 300°, 400°, and 440° F., followed 
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by air-cooling and testing after each treatment. As the melting point 
was found to be about 460° F., heating was restricted to 440° F. under 
laboratory conditions and to a temperature of 375° to 400° F. under shop 
conditions. The results are presented in Table 1. 

The furnace used for the experiments was an electrically heated 
Hoskins laboratory type, chamber size 10 by 4 by 3 in., temperature 
being recorded by a standardized Leeds & Northrup controller. The 
samples were slightly raised from the bottom of the furnace, to come in 
direct contact with the hot point of the thermocouple. 

Each scleroscope figure given is the average of at least four readings, 
and the Brinell figure the average of two impressions, each of which was 
read in two directions according to standard methods. Further, the 
figures were all checked upon sheets obtained from the rolling down of an 
identical ingot cast from a different melt, and the results arrived at were 
found to agree within limits of experimental error. Lastly, Brinell tests 
were made using a smaller load (100 kg.) and a 10-mm. ball. The relation 
between the figures so obtained and those given in the table agree, and 
therefore are not quoted. In case of the smaller thicknesses two layers of 
the sheet were used in order to prevent any effect of the anvff upon 
Brinell results. 


Discussion of Results 

Considering first the rolled and unheated material in the left-hand 
column of the table, it will be noticed that the scleroscope hardness 
gradually increases from 10 to about 20 (when using the magnifying 
hammer) as the ingot is successively rolled down cold from the ^-in. size 
to the finished size of 0.032 inch. 

When the same metal was tested with the Brinell machine using a 
500-kg. load and a 10-mm. ball, quite contradictory results were obtained, 
indicating that the metal grew' softer and not harder the more it was 
cold-rolled. The table shows a decrease in Brinell hardness from 23.8 in 
the cast condition to 13.3 in the rolled sheet e thick. In other words, 
the two kinds of hardness testing gave entirely opposite results (Fig. 1). 

It will be shown later in this paper that the Brinell figures correspond 
to the strength of the material, and the that Shore instrument is not appli- 
cable for judging the physical properties of the metal. 

From the columns of the table giving the data after heating the metal 
at 212° F. (which in this case was obtained by boiling in water for 3^ hr.) 
it will be seen that the hardness of the larger thicknesses was not affected. 
The sheets J'fe a,nd in. thick — ^the first mentioned being the smallest 
thickness we could test accurately with the Brinell machine — ^have, 
however, increased in Brinell hardness. 

By heating to 300° F. for IH a further increase in hardness was 
developed in the metal, and the next larger size, the 
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J/ie-in., was also aflfected. The influence on the still larger sizes is so 
small (probably less than experimental error) that we have not con- 
sidered it. 

By increasing the temperature to 400° F., an additional increase in 
the hardness of the }iQAn., the and the thick metal was 



Fig, 1. — Beinell and scleroscopb hardness op cold-rolled Britannia metal. 



Fig. 2. Changes in Brinell hardness op cold-rolled Britannia metal during 

HEATING. 

observed, and the J^^-in. size was also affected. Indications are that we 
have before us an example of depressed recrystallization temperature by 
increased cold deformation. Only the most deformed crystals recrystal- 
lize at the lower temperature, a property that explains the fact that a 
steady increase in hardness is found within the same sample when it is 
subjected to a rising temperature. (Fig. 2.) 
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At 440° F. (20° F. below the melting point) the maximum hardness 
was obtained, and the effect was extended to the size. It should 

be understood, how^ever, that heating to a relatively low temperature for 
a longer period of time will probably bring about the same effect as 
heating to a higher temperature for a shorter time. It should also be 
stated that all samples quoted in the table were air-cooled upon removal 
from the furnace, and it might therefore be argued that a slower cooling 
as well as a faster cooling might alter the results. Actual experiments 
showed, however, that the speed of cooling has but a slight effect on the 
resulting hardness. For example, a specimen 0.082 in. thick heated to 
425° F. for one hour and quenched in water gave a Brinell impression of 
3.51 mm. in diameter, while a specimen heated to the same temperature 
and furnace-cooled gave an impression of 3.56 mm. in diameter. It 
should be noted that these figures were obtained by using a 100-kg. load 
and 10-mm. baU. 

The data quoted so far have shown that the material becomes softer 
and weaker the more it is reduced cold in the rolls, and that it becomes 
harder and stronger the higher it is heated, a temperature just below the 
melting point having the highest stiffening effect. The actual increase 
in hardness of the Hs-in. metal was from 13.3 (as rolled) to 14.8, 17.2, 
18.6, 19.3 upon heating to 212°, 300°, 400° and 440° F. respectively. 
Considering a commercial temperature of 400° F., the increase in hardness 
would be from 13.3 to 18.6, a 40 per cent, increase, with the possibility 
of further increase by prolonged heating. Too much attention should 
not be paid to the accuracy of this figure since the metal becomes softer 
by cold deforming in the rolls, and it will naturally act the same when 
cold-deformed by the BrineU ball. By changing the load and the ball 
in the Brinell machine, a different relation would probably occur. An 
actual test on blanks heated for 3 hr. at 375° F. and then spun into dishes 
showed a compression strength of twice the value of a similar dish which 
was not heated in the blank form. 

It is further noted from the table that the rolled metal, even when 
heated, never regains the hardness and strength of the original cast 
material. The cast condition seems to be the strongest and the more 
the reduction, the weaker will be the final product. The cast bar, for 
example, had a hardness of 23.8. When reduced to Ke hardness 

was 13.3 and after heating at 400° F. it recovered to 18.6, which is still 
5.2 points below the cast condition. Comparing the figures for 
metal in the same manner, the hardness of this size after annealing is 
only 3.7 points below the cast condition, and thus it becomes apparent 
that the less the reduction, the harder and stronger will be the metal. 
It is therefore apparent that Britannia metal should be cast into the 
thinnest ingot possible when the strength of the rolled metal is a factor of 
importance. 
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Considering now the question whether or not the increase in hardness 
and strength brought about by heat treatment is retained after further 
cold working, a sheet in. thick and one }$ thick cold-rolled from 
the same ? 4 -in. thick ingot were selected. The sizes mentioned were 
heated to 375° F. shortly after rolling, whereupon they were reduced in 
the rolls to } fe in. thick in both cases. The results obtained are given in 
Table 2. 

It is apparent that a reduction from to Ke in., which is considerably 
more than any blank will receive in spinning or in the press, does not 
bring about any loss in the hardness and strength obtained by the previous 
heating. The ?i6-in. however, is affected to some extent upon being 
reduced to inch. 

Table 2. — Hardness of Brittania Metal after Heat Treatment and Cold 

Working 


Cold-rolled 

Condition 


Bnnell Hardness 


After Heating at 
375® F for 45 Mm. 


After Cold Rolling 
to K 6 In. Thick 


After Heating the 
Hein Rolled Sheet 
at 375® F. for 45 
Min. 


BrineU Hardness ' Brinell Hardness 


Brinell Hardness 


H-in. ! 16 5 ' 19.7 I 19.3 ! 19.3 

JiVin. 17.2 19.7 I 17.8 18.6 


After having been heated, and then rolled to Jfe in. the two metal 
sheets referred to were heated again. In the case of the Ke-in. sheet 
reduced from in., nothing was gained in hardness and strength by this 
heat treatment, because nothing was lost in the reduction from to He 
in. In the case of the Ke-in. sheet reduced from He in., the metal 
hardened up somewhat after the final heating, which was to be expected, 
as a loss took place in the reduction from He to He inch. 

We believe we have proved that moderate reduction by cold rolling 
of an annealed metal does not lower to any appreciable extent the physical 
properties obtained by the heat treatment. This point is important to 
the craftsman, because it is in many cases impossible to heat the finished 
article on account of its deformation at moderate heats. 

As there might possibly be some difference between the effect of cold 
rolling and spinning, two blanks were selected of stock 0.038 in. thick. 
One of these was spun into a shell 9 in. in diameter and the second was 
spun into an identical shell after it had been heated for 3 hr. at 375° F. 
Both shells were tested on the rim for compression strength and the 
load determined that brought about a reduction from 9 to 8H in. between 
two diametrically opposite points on the rim. In the first case the load 
was found to be 713 g. (1.6 lb.) and in the case where the shell was made 
from a heat-treated blank the load was found to be 1396 g. (3.11b.), 
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thus proving it to be about twice as strong. At the same time this proves 
that the strength of the metal is in relation to the Brinell hardness and 
not to the scleroscope hardness. 

Conclusions 

1. The Brinell test indicates the true hardness and strength of 
Britannia metal. The scleroscope gives contrary results and the use of 
this instrument is therefore not recommended for Britannia metal. 

2. Britannia metal becomes softer and weaker the more it is reduced 
by cold rolling. 

3. A cold-rolled section becomes continuously harder and stronger 
upon heating, increasing as the temperature increases up to the melting 
point (about 460° F.). The hardness of the original cast material is 
never regained, however, unless subjected possibly to much longer heating 
periods than those used in this investigation. 

4. The ultimate hardness and strength obtained before and after 
heating depend on the amount of reduction in the rolls. The more the 
metal is rolled, the weaker it will be, both before and after heat-treating. 

5. From 4 it is apparent that the thinner the ingot, the harder will be 
the metal, because fewer reductions are taken to roll it down to 
required sizes. 

6. The smaller the reduction, the higher is the annealing temperature 
required to produce a stiffening of the metal. 

7. Spun or pressed articles retain the increased hardness and strength 
brought about by heat treatment of the blank. 

8. By making the ingot the thinnest that can be commercially cast, 
and by heat-treating the cold-rolled sheet at the highest possible tempera- 
ture without risk of melting, two effective means are at hand whereby 
the hardness and the stiffness of articles made from Britannia metal can 
be greatly improved. 
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DISCUSSION 

0. W. Ellis, Pittsbui^h, Pa. — This paper constitutes a valuable addition to our 
knowledge of the tin-antimony-copper alloys. The effect of plastic deformation on 
these alloys has, of course, been the subject of experiment before, but the authors have 
extended the field of research in a direction which, it is really quite surprising, has not 
been done before. 

The authors have shown qualitatively that there is a relationship between the 
Brinell hardness and the strength of certain of these alloys. They have measured the 
hardness of these alloys and have also determined the strength of the rims of certain 
spun articles, but they have not shown whether there is any definite relationship that 
can be expressed m terms, shall we say, of a simple graph between these two factors, 
strength and hardness. Such data would be interesting, if they have them available. 



Fig. 3 shows the results of work carried out by myself and Mr. Karelitz on a series 
of these alloys.* We found that there was a very definite relationship between the 
proportional limit of the tin-antimony-copper alloys and their hardness, and also 
between compressive strength and the hardness. 

Fig. 3, the curves in which, however, should not have been extrapolated to the 
zero point, will show that there is quite a definite relationship between ultimate 
strength and Brinell hardness, and also between proportional limit and Brinell 
hardness, for those alloys containing from 0.5 up to 8 per cent, of copper, and from 
2 to 10 per cent, of antimony, which were the limits of the compositions that we 
examined of this system. 

The question arises in my mind as to whether any such relationship exists between 
the hardness and compressive strength of the alloys in various eold-worked and, shall 
we say, annealed conditions. 

Another point that is quite clearly brought out in this paper is that the effect of 
plastic deformation is to reduce the hardn^ of a particular alloy of this system. 
This, of course, is no new discovery. Fry and Rosenhain, to whose work the authors 
refer in the bibliography, showed that the same was true of an alloy containing 86 
per cent, of tin, 8 per cent, of antimony, and 41.5 per cent, of copper. Dr. Greaves, 
in the discussion of a paper by Thompson and Orme, also presented before the Institute 


* 0. W, Ellis and G. B. Elarelitz: A Study of Tin-base Bearing Metals. Trans, 
Amer. Soc. Mech. Engrs. (1928) MSP 60, 11. 
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of Metals in England, showed that the same was true of another alloy of this system. 
Mr. Karelitz and I have further confirmed this in experiments conducted in the 
Westinghouse Research Department. 

There is a most interesting point that I think has not been emphasized by the 
authors. They show that on heating cold-rolled Britannia metal, the hardness is 
increased only if and when a certain fairly definite heating temperature is exceeded, 
this temperature being lower the greater the amount of deformation. This fact is 
brought out quite clearly in Fig. 2 of their paper, but is not, I think, referred to in 
the text. 

If that figure is considered carefullj% it will be seen that in the case of the alloy 
reduced 50 per cent, in thickness, no matter to what temperature it is raised after 
rolling, the hardness remains practically constant. There is a wariness about the 
hardness-temperature line, nevertheless the hardness may be said to remain practi- 
cally constant. 

In the experiments at East Pittsburgh, we have been concerned with babbitts 
and therefore were not so much interested in the excessive, if we may call them such, 
reductions that the authors have used in their experiments. We rolled a number of 
alloys to 10, 20 and 30 per cent, of their initial thickness as cast and made observations 
of the hardness of the alloys after rolling, finding that they were reduced in hardness, 
as the authors and others have found. We measured the hardness also after they had 
been heated for 1 hr. at 125° C. and we found that the hardness was still further 
reduced. So it appears that these alloys, if reduced slightly — that is, in amounts of 
less than 50 per cent. — ^and then annealed, are still further softened. If they are 
reduced by about 50 per cent, and then annealed at a series of increasing temperatures, 
they undergo practically no change at all, but if they are reduced in amounts exceeding 
50 per cent., they increase in hardness, if and when a certain definite temperature, 
which is dependent upon the amount of work that has been put upon them, is exceeded. 

The alloj^s investigated by the authors are supposed to be lead free. I am not 
clear as to the reason for this. It may, of course, be a matter of color or a matter of 
tarnishing. In practice with bearing metals, the presence of lead is diflScult to avoid. 
There are, however, many engineers who feel that the presence of lead should be 
avoided, if possible. Quite a number of statements have been made to the effect 
that small proportions of lead in tin-base babbitts embrittle the material. We have 
found that in babbitts containing the tin-antimony compound, additions of lead have 
a very slight effect, if any, upon the size of the tin-copper needles, but in alloys which 
contain very small proportions of the tin-antimony compound or no tin-antimony 
compound at all, the needles, on the substhution of lead for tin, are considerably 
coarsened. This coarsening of the tin-copper needles may have something to do with 
the brittleness that has been observed. 

Could the authors state whether, in rolling alloys containing lead, if that is ever 
done, troubles are experienced due to brittleness, and, by so doing, prove or disprove 
the prevalent ideas regarding the brittleness of tin-base babbitts containing lead? 

C. S. WiTHERELL, New York, N. Y. (written discussion). — An interesting feature 
which the authors of this paper have pointed to is the divergence between the sclero- 
scope and Brinell results. It is generally recognized that the term hardness^’ may 
mean several somewhat different physical properties, or combinations of properties. 
The scleroscope measures resilience, the Brinell test measures resistance to denting; 
it is common for the two values (scleroscope and Brinell) to go up and down together; 
however, it is entirely possible for a material to resist plastic flow and also be lacking 
in elasticity; heat-treated Britannia metal evidently falls into the latter category. 

It is obvious from the authors’ work that the Brinell test would be chosen in 
preference to the scleroscope for manufacturing control in preparing sheet Britannia 
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metal, nevertheless the scleroscope re- 
sults have some meaning; e. g.^ when 
such results are low, the material is 
easily nicked. It certainly is of value 
to know that the material is not very 
resilient although reasonably strong. 

It appears to me that a scratch 
test would be of considerable value 
but not take the place of the Brinell 
test. Both pewter and Britannia metal 
surfaces are very susceptible to abra- 
sion, hence any improvement in the 
scratch-resisting property would be 
highly desirable. There are two or 
three recognized scratch tests but 
probably the most highly developed 
of all IS that described and illustrated 
by C. H. Bierbaum.2 Although Mr. 
Bierbaum’s work was primarily on 
bearing metals, similar tests would be 
of value for any object wherein the 
ability to withstand abrasion is 
important. 

The authors are undoubtedly famil- 
iar with and have probably made 
scratch tests. I would like to suggest 
that they elaborate upon this inter- 
esting and valuable paper and give us 
in the near future results of scratch 
tests made upon the same or similar 
samples of cold-rolled Britannia metal. 

B. Egeberg. — The scratch tester 
has not been used by us in this in- 
vestigation because we have had little 
success with it in other fields; for ex- 
ample, electroplated silver deposited 
under various conditions known by 
practical experience to produce differ- 
ent hardness. 

Mr. Ellis remarked that Fig. 2 of 
our paper contained data not referred 


- C. H. Bierbaum : A Study of Bear- 
ing Metals. Trans, (1923) 69, 972. 


Fig. 4. — Structure op Britannia 
METAL COLD-ROLLED TO 0.036 IN. X 
250. 

Fig. 5. — Same as Fig. 3. X 750. 
Fig. 6. — Specimen from same sheet as Figs. 3 and 4, baked 1 hr. at 400° 
F. X 250. 

Etching solution; 1 part concentrated nitric acid, 3 parts glacial acetic acid and 
10 parts of glycerin. 
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to in the text. Point 6 under ^‘Conclusions^’ covers what we believe Mr. Ellis has 
in mind. 

For ornamental articles, "we have found it advantageous to avoid contamination 
with lead as far as possible for reason of surface condition. Lead has a tendency to 
increase the size of the white microconstituent. When the alloy is buffed, it will act 
in the same way as a journal on, a bearing, where there are hard crystals embedded 
in a soft matrix. The matrix will be dug out and the hard crystals will stand in 
relief, which is naturally detrimental to the luster desired on ornamental goods. 

F. E. Carter, Newark, N. J. — In this paper the rolling drafts were heavy. As 
I recollect, in the case of copper, if it gets softer on rolling it is due to light drafts 
being given, and the heavier drafts give the harder metal on rolling. I wonder 
whether Mr. Egeberg did his rolling with a large number of very light drafts as well 
as the fewer rather heavy drafts mentioned in the paper, and if so, what were 
the results. 

B. Egeberg. — The number of passes is noted on the table, from which an idea 
of the reduction in each pass can be obtained. 

F. E. Carter. — I observed that, but you would call them heavy drafts. 

B. Egeberg. — They are commercial drafts, therefore they are as heavy as possible 
without causing injury to the metal. We did not experiment with lighter drafts. 

B. Egeberg and H. B. Smith (written discussion).— Mr. Ellis says that experi- 
ments proved unsuccessful as far as the detection of any elastic or proportional limit 
of tensile test specimens is concerned. The ultimate tensile strength does not seem 
to be greatly affected by the original Brinell hardness of the specimen, neither is this 
to be expected, on account of the great extension and amount of cold work taking 
place before this point is reached. 

The authors propose the following explanation for the abnormal behavior of 
Britannia metal. Figs. 4 and 5 show the structure of a specimen cold-rolled to 0.036 in. 
thick. Fig. 6 shows a specimen from the same sheet after having been baked for 1 
hr. at 400® F. The disappearance of the white tin-copper constituent after the baking 
operation indicates that the increase in hardness produced by this operation, as shown 
by oiir investigation, is due to the tin-copper constituent being brought into solution 
by heating and either kept in solution, when subsequently cooled, or precipitated in 
such a finely dispersed state that it becomes invisible to the microscope It should 
be mentioned that the microspecimens have not been prepared by polishing, on 
account of the great softness of the alloy and its natural tendency to drag and show 
a distorted surface even when special precautions are taken during polishing. The 
sheets from which the specimens originate were rolled on a highly polished roll, 
whereupon the specimens were squeezed against a hardened steel surface which was 
polished according to regular microscopic routine. In this way satisfactory specimens 
were obtained with but little expenditure of labor. In case of polishing, operation 
by hand only could be used with several etchings and repolishings with soap solution 
before the true structure of the metal developed. This method necessitates a great 
deal of experience and labor and in the authors’ opinion is not as reliable. 



High-Strength Gold Alloys for Jewelry and Age-hardening 
Phenomena in Gold AJloys 

By E. M. Wise,* Bayonne, N. J. 

(Philadelphia Meeting, October, 1928) 

The properties required of gold alloys for jewelry are not well stand- 
ardized, due in part to problems peculiar to certain branches of the 
jewelry industry, in part to the individual preference of the fabricator 
and to his willingness to cope with certain difficulties in manufacture, 
which arise with the use of certain alloys. 

General Requirements 

In general, the properties desired may be classed as follows: 

1. Color should conform to the dictates of good taste and smart style. 

2. Corrosion resistance and tarnish resistance should be good. This 
is to a considerable extent determined by the carat. Resistance to such 
corrosive agents as mercuric chloride as well as certain depilatories is 
unreasonable to expect and difficult to meet. 

3. Strength and hardness must be adequate to maintain the delicate 
contours of finely modeled jewelry. 

4. Wear resistance must be great enough to resist abnormal wear, 
such as is encountered by a wedding ring in a lifetime of wear. 

5. Ductility must be sufficient to permit the fabrication of drawn 
shells, tubes and difficult shapes. Material having a yield point of not 
less than 60,000 lb. per sq. in., an ultimate strength of 100,000 lb. per sq. 
in., and an elongation of 40 per cent, is desirable. 

6. Melting point should be between 800° and 1200° C. 

Colored Golds 

The popular green and yellow golds are based on the gold-silver-cop- 
per alloys; in some cases modified by the introduction of zinc to improve 
the casting properties and to alter the color, and nickel to increase 
the strength. 

The properties of the An-Ag-Cu system have been the subject of a 
very thorough investigation by Janecke,i Stemer-Rainer,* and Carter.® 

* Research Laboratory, The International Nickel Co., Inc. 

^ E. Janecke: Das temare System Cu-Ag-Au. MetaUurgie (1911) 8, 597. 

*L. Stemer-Rainer: Einige Eigenschaften der Legierungen Au-Ag-Cu. Ztsch 
/. MetaUkunde (1926) 18 , 143, and Rekristallisation und Entfestigung von Edel metal- 
legierungen. Op. cit. (1927) 19 , 245. 

* F. E. Carter: Gold, Silver, Copper Alloys. Proc. Inst. Met. Div , A. I. M. E. 
(1928) 786. 
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Fig. 1 shows the relation between the melting range, ultimate strength, 
and Brinell hardness for a series of annealed and quenched 14-kt. gold 
alloys based on the work of Sterner-Rainer. These alloys are of interest 
in the range from 5 to 12 per cent. Cu, which comprise a series of green 
golds of various shades; and from about 25 to 41 per cent, covering the 
yellow and red golds. 

The low melting point of these alloys is unfortunate because in 
other respects their properties are excellent, except perhaps, in regard 
to tarnishing. 

The physical properties of a number of modified gold-copper-silver 
alloys, as determined by the writer, are given in Table 1. As will be 



Fig. 1, — Pboperties of 14-kt. gold-silveb-copper allots. 

observed, the strength in the annealed and quenched state ranges between 
59,100 and 82,600 lb. per sq. in. and the elongation ranges between 32 
and 61 per cent. 

Age-habdening 

In 1922 the writer made a study of the age-hardening of gold alloys. 
This was suggested by the work of Merica on the age-hardening of 
duralumin and bore fruitful results. Table 1 shows that strengths in 
excess of 100,000 lb. per sq. in. can be developed in all of the alloys 
listed therein. The great increase in jdeld point is especially noteworthy. 
Alloy 1288 shows an increase in yield point from 34,100 to 99,400 lb. per 
sq. in. on aging at 325° C. for 30 min. The large drop in elonga- 



Table 1. — Physical Properties of Colored Gold Alloys 
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Table 2— Properiies of Gold-nickel Alloys 
Alloys Melted in Acid-lmed Crucible 
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tion on aging is also of interest, but is not objectionable from a 
practical standpoint. 

The structural changes produced in these alloys by heat treatment 
are discussed later in this paper. 

The Gold-nickel System 

This system was for many years considered to be eutectiferous with 
a limited solid-solution range at each end of the series. Early studies 
made by the writer on Au-Ni-Zn alloys showed that a large increase in 
solubility of nickel in gold occurred at high temperatures. 


Table 3. — Properties of Gold-nickel Alloys 
Alloys Melted in Basic-lined Crucible. Carbon 0.01 Per Cent. 


Alloy 

Number 
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Weight, 
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Brinell hardness number. 


A series of gold-nickel alloys was made to determine the solid solu- 
bility at various temperatures, as well as the hardness and color of the 
alloys. These alloys contained a small amount of magnesium and were 
contaminated with a trace of carbon. Hardness determinations were 
made using the Rockwell diamond cone and a 100-kg. load; the observed 
values as well as derived Brinell values are given in Tables 2 and 3. 
The Brinell to Rockwell relations obtained by Petrenko^ were used: 

Brinell hardness number = 

The solubilities observed are essentially in accord with the recent 
determinations of Fraenkel and Stem,^ who have also carefully deter- 
mined the liquidus and solidus of this system. The thermal data plotted 
in Fig. 2 are based largely on their determinations with the exception 
that the melting point of nickel is taken as 1451° C. rather than 1485° C. 

The hardness of the alloys oil-quenched from 850° C. rises rapidly 
with the nickel content until it reaches a maximum of 370 Brinell at 70 

N. Petrenko: Ilelationshii>s between the Rockwell and Brinell Numbers. 
U. S. Bur Stds. Tech, Paper 334 (1927). 

* W, Fraenkel and A. Stem: Ztsch. /. anorg. u. aUge. Chem. (1926) 161, 105 and 
(1927) 166, 161. 
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atomic per cent, nickel; it then falls rapidly to the hardness of pure 
nickel. The extreme hardness of the 70 atomic per cent, nickel alloys 
suggests that some precipitation hardening has occurred during the 
quench although X-ray spectrograms of the quenched alloy show clearly 
defined diffraction lines, which demonstrates that extensive lattice 
distortion has not occurred. 

By suitably retarding the rate of cooh'ng or by heating to a low tem- 
perature, the solid solution existing at high temperatures can be split 
into a gold-rich and a nickel-rich phase, the composition of the phases 
being dependent on the aging temperature. The hardness values of a 



ATOMiC PSFC^NT NICKEL 

Fig. 2. — Properties of gold-nickel alloys. 

series of quenched alloys and of furnace-cooled alloys are shown in Fig 2. 
This latter treatment results in a marked decrease in hardness. On slow 
cooling and aging the 50 atomic per cent, alloy for 15 hr. at 455° C., a 
further drop in hardness occurs (the hardness in this case being only 86 
Rockwell B or 166 BrineU). It might be remarked that a variation in 
solubility with the temperature seems to be characteristic of gold alloys 
with Fe, Cr, Ni and Co. 

The X-ray structures obtained by Bain for the 50 atomic per cent, 
gold-nickel aUoy, quenched from 860° C. and for the same alloy aged at 
455° C., for 15 hr., are shown in Fig. 3. The diffraction pattern of the 
quenched alloy corresponds to that of a face-centered cubic lattice having 
a dimension of 3.85 A. The pattern of the aged alloys shows some 
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f‘vi<lfncc of lattice distortion due to precipitation but gives evidence of 
the presence of two face-centered cubic lattices having dimensions of 
4.00 k and 3.56 k, corresponding to gold saturated with nickel and nickel 
saturated with gold at 455° C. These dimensions would correspond to 
solutions containing 14.8 atomic per cent. Ni and 3.7 atomic per cent. 
Au. respectively. 
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Fig. 3. — X-ray studies of a 50 atomic per cent, gold-nickel alloy. 

The microstructures of this alloy in the homogeneous and hetero- 
geneous states are shown in Fig. 4. The structure of the heterogeneous 
alloy resembles that of a spheroidized high-carbon steel. 

The color of the homogeneous nickel golds varies from yellow at the 
gold end, through a series of unattractive yellowish shades, to a very 



Aged Quenched 

Fig. 4. — Microstbucture of a 50 atomic per cent, gold-nickel alloy. X 100. 

pleasing platinum white at 50 atomic per cent, nickel. At higher nickel 
contents the colors are again unattractive. The colors of the alloys will 
change in accord with the heat treatment, as would be expected from the 
equilibrium relations. The 50 atomic per cent, gold nickel becomes dull 
yellow after protracted aging at low temperatures although the homo- 
geneous alloy is a beautiful platinum white. 
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The resistance of homogeneous gold-nickel alloys to nitric acid 
increases with the gold content; passmty being apparent, in the absence 
of chlorides, at 25 atomic per cent. Au, but in the presence of traces of 
chlorides the alloj^s are reactive up to approximately 40 atomic per cent. 
Au. The slowly cooled gold-nickel alloys are reactive as long as a 



Fig. 5. — Hardness changes in 9.2-e:t.2'geeen gold alloy Xo. 1 on annealing 

andJaging.* 

nickel-rich phase is present; i. e., up to about 85 atomic percent. Au or 
95 weight per cent. Au. 


White Gold 

The white golds which swept through the jewelry field some years 
ago were of the Au-Ni-Zn type. When they were first introduced they 



Aging Temp C® Aging Temp C® 

Hard Rolled Annealed and Quenched Alloy 


Fig. 6. — Hardness changes in IO-kt. yellow gold allot No. 3 on annealing 

AND aging. 

gave great difficulty; they would crack on rolling, break in forming and 
probably crack on anneahng. Intensive study largely overcame these 
troubles, so that it is now possible to secure all forms of jewelry in white 
golds of good color. 

The writer found that very small amounts of copper markedly 
improved the behavior of the high-carat white golds, the elongation 




Table 4. — Properties of White Gold Alloys 
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being considerably increased and the tendency to crack on rolling greatly 
diminished. Pure materials were obtained and a series of white golds 
of lower carats was then developed which proved veiy" successful.® The 
14-kt. “white, in particular, was ver 3 " widely used. 

The mechanical properties of a number of white golds of various 
carats are given in Table 4. As will be seen, the mechanical properties 



Aging Tftmp C® Aging Temp C“ 

Ji»d RoHed Annealed and Quenched Alioy 

Fig. 7. — H.^rdness chan'ges in 14-kt. white gold allot Xo. 4 on annealing 

AND AGING. 

are excellent, the elongation being usually 40 to 50 per cent, and the 
ultimate strength of the order of 100,000 lb. per square inch. 

The high-carat white gold alloys inherit many of the characteristics 
of the Au-Ni alloys and are in consequence subject to great changes in 



Fig. 8. — Hardness changes in 18-kt. white gold allot No. 6 on annealing 

AND AGING. 

properties with a variation in cooling rate. A startling example is pre- 
sented by alloy 1088, which shows an elongation of 47 per cent, when 
air-cooled but drops to 2 per cent, on furnace-cooling. In general, air- 
cooling is satisfactory although quenching will produce a slightly 
softer alloy. 


« E. M. Wise: U. S. Pat. 1577995, Mar. 23, 1926. 
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A fair correlation exists between the color and the hardness in 14-kt. 
alloys, the whitest alloys being rather hard. The ver>" white alloys, 
containing 17 per cent, of nickel and from 6 to 8.8 per cent, of zinc, while 
presenting some difficulty in manufacture, may be successfully fabricated 
into intricate shapes and drawn into tubes. T\Tiere ease of working 
rather than good color is desired, alloys with a nickel content of 12 per 
cent, or less may be used. The color of these alloys will range from a 
slightly red to a greenish tinge depending on the zinc content. 

Changes in Hardness and Structure Resulting from Low-tem- 
perature Heat Treatment 

Marked age-hardening can be produced in a large number of gold 
alloys, as was indicated earlier in this paper. Four gold alloys, comprising 
a green gold, a yellow gold and two white golds of various carats, were 
selected for detailed study. Two sets of samples were prepared, one 
set being annealed for 1 hr. at 750° C. and oil-quenched; the other set 
annealed at 750° C. and cold-rolled 50 per cent. Samples of each 
set were then treated for 1 hr. at temperatures from 200° to 700° C. 
and oil-quenched. 

Hardness determinations were made on all samples after heat treat- 
ment, using the Rockwell hardness tester with the diamond cone and a 
100-kg. load. These values are designated by K in Tables 5 and 6. 
Derived Brinell values were obtained by the relation deduced by Petrenko, 

768 000 

using the relation Brinell hardness number = ^^qo ^ Xp These derived 

Brinell numbers are plotted in curves 5 to 8, which show the relation 
between the hardness and the aging treatment. 

The structural changes accompan 3 dng the age-hardening phenomena 
are shown in a series of photomicrographs of these alloys after annealing 
and aging (Fig. 9). 

The great increase in the hardness of the green gold No. 1 on aging 
for 1 hr. at 300° C., and the yellow gold No. 3 on aging for 1 hr. at 400° C., 
is of particular interest. If the alloy is cold-worked before aging, the 
optimum age-hardening temperature is lowered below that obtaining in 
the annealed and quenched alloy. This is due to the fact that diffusion 
is accelerated by the lattice distortion resulting from cold work and to 
the loss of some of the work hardness on reheating. 

Little change in microstructure can be observed in alloy No. 3 when 
aged at 300° C., although considerable hardening has occurred. At 
400° C. the presence of a new^ phase can be observed and the hardness 
of the alloy is at its peak. At higher temperatures the amount of the 
second phase increases and the hardness falls. At about 700° C. the 
alloy again becomes homogeneous and possesses maximum ductility. 
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The 14-kt. white gold No 4 shows a considerable increase in hardness 
on aging at 500° C., coupled with marked changes in mierostructure. 



Alloy No. 4 shows no precipitation at 400° C. although some hardening 
has occurred. At 500° C. dark etching regions manifest themselves, 


400° C. 600° C. 

Fig. 9. — Microstructurb op annealed and aged gold alloys. X 100 



Table b— Hardness Changes on Annealing and Aging Gold Alloys 
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Red. Per Cent. 0 16.5 20.5 

K 44.0 50 0 52 0 

Biinell 245 307 333 
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originating invariably at the grain boundaries. This precipitate is almost 
entirely dissolved at 600"^ C. 

The 18-kt. white gold No. 6 shows a marked intercry^stalline precipi- 
tation at 400® C. At 500® C. the precipitation is general and a bright 
etching network becomes \isible. The presence of the bright etching 
network is of particular interest and may be ascribed to the increased 
size of the particles in the region of the original grain boundaries. This 
is due to the fact that precipitation is initiated at the grain boundaries 
so that the precipitate in these regions is older’' than the remainder of 
the precipitate and has in consequence grown to a larger average size. 
At 600® C. spheroidizing begins and at a slightly higher temperature the 
alloy becomes homogeneous. 

Many of the precipitate structures producible in these alloys present 
a close analogy with the troostosorbitic structures producible in steels 

These precipitation phenomena in high-carat white golds are not of 
much interest as a means of increasing their hardness, for that is already 
adequate, but are of consequence in explaining some of the difficulties 
encountered in working these alloys, for some of the structures result in 
an almost total loss of ductility. 

It should be pointed out that high-carat white golds aged at 500® C. 
etch with extreme rapidity, due to the composition and fine state of 
division of the precipitated phase, a phenomenon readily explained by the 
peculiar character of the gold-nickel system already discussed. 

The change in etching rate with aging temperature is much less 
marked in the yellow and green golds, as might be expected from 
their constitution. 

Mechanism of Age-hardening of Precious-metal Alloys 

The precious-metal alloys offer an interesting array of precipitation- 
hardening phenomena, involving as they do the precipitation of both 
compounds and soft solid solutions. 

Alloys of gold and copper, palladium and copper and probably plati- 
num and copper as well as gold and zinc, exhibit the formation of sub- 
merged compounds which exist over a limited domain of temperature 
and composition. 

Alloys of silver and copper, and gold and nickel, show marked changes 
in the composition of the two solid solutions existing therein, with the 
temperature. In the case of silver and copper this change in solubility 
permits the development of considerable age-hardening, as has been 
pointed out by the author and others. In the case of the gold-nickel 
alloys most of the degradation structures are softer than the very hard 
solid solution. 

The presence of small quantities of nickel in certain of these alloys 
exerts a considerable influence on the age-hardening phenomena either by 
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entering into some of the compounds mentioned or by reacting with the 
zinc that is present in the alloy. Nickel or its equivalent, together with 
the usual compound-forming elements such as tin, silicon and doubtless 
aluminum or beryllium or the latter alone, may be used to produce 
hardening but in general their use is not necessary. 

The effect of age-hardening on the nobility of the alloy is largely 
dependent on the nature of the precipitating phase. If the phase formed 
is high in gold, it will be noble but its formation will involve the with- 
drawal of some gold from the residual solid solution and to some extent 
alter its nobility. If the precipitated phase is reactive, as it is in the 
gold-nickel alloys, very marked changes in the corrosion resistance will 
occur with certain heat treatments. 

In general the age-hardening of precious-metal alloys possesses con- 
siderable practical importance, due to the wide range of physical proper- 
ties attainable by simple heat treatments. 

Annealing Cracks 

Cracks often develop upon annealing alloys that are in a condition 
of high internal stress, particularly in material that has been overannealed 
and then sUghtly deformed. 

White gold alloys are particularly susceptible to this type of failure; 
due, it is believed, to a slight precipitation of a weak phase at low tem- 
peratures. This phenomenon is characteristic of the gold-nickel alloys 
and is exhibited to a greater or lesser extent by the white golds. The 
zinc content is also of consequence, the high-zinc alloys giving the most 
trouble in regard to cracking. Annealing cracks begin to form at tem- 
peratures in the vicinity of 250° C. This temperature coincides with the 
beginning of the precipitation of a second phase, as inferred from hardness 
changes and electrical resistance measurements. At this temperature 
the ductility is almost completely lost. 

Alloys can be made which show little tendency to fire-crack, but in 
most cases they have other undesirable features, which render them of 
only limited importance. 

The most effective method for controlling fire-cracking lies in the 
proper design of the dies or forming tools, and the proper correlation of 
mechanical operations with the annealing schedule. In dies for shell 
drawing, it is essential to maintain the proper relation between the reduc- 
tion in wall thickness and the elongation of the shell, so that excessive 
residual stresses do not exist in the material prior to annealing. Where 
possible, 50 per cent, reduction is desirable between anneals, whether the 
operation involved be cold rolling or shell drawing. 

Alloying, Melting, and Annealing 

The use of pure metals is of paramount importance; copper in the form 
of pickled and clipped wire bar is satisfactory. Redistilled zinc is recom- 
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mended. Nickel low in sulfur, carbon and iron is necessary. The pres- 
ence of traces of cobalt seems to exert no influence on the alloy. Silver 
and gold are normally of high purity and need no further comment. 

The introduction of small quantities of nickel and zinc is best accom- 
plished by making a base alloy containing copper, zinc and nickel and 
introducing this alloy into the melt. The direct addition of small quan- 
tities of nickel is not recommended. 

The high-nickel alloys such as white gold are best made by melting 
down the complete alloy (Au, Cu, Ni, Zn) under a boric acid flux, stirring 
well, and then pigging. 

A wide variety of deoxidizers and desulfurizers have been tried as 
additions to gold alloys but most of them serve no useful purpose. Many 
of these additions, such as Ce, Mg, Ca and Al, spoil the surface of the 
strip casting and produce an excessive amount of inclusions. Silicon is 
less harmful in this respect but forms Ni^Si, if nickel is present, which is 
only slightly soluble in the presence of large amounts of silver; while 
even in the absence of silver it retards the grain growth on annealing. 
Manganese in small quantities can be successfully used but has the 
somewhat objectionable feature of causing the alloy to become slightly 
brown on annealing. Phosphorus has been used in certain alloys but 
increases the hot shortness to an undesirable extent. Zinc, while some- 
what ineffective as a deoxidizer, does produce ingots with a good surface. 
Both lithium and calcium boride present some attractive features and 
merit consideration. 

In general, gas melting is quite satisfactory, although high-frequency 
melting is feasible and may be used if provision be made for keeping the 
top of the crucible hot. Melting should be conducted under a heavy 
boric acid slag, most of the flux being removed when the proper pouring 
temperature is reached. A little fresh boric acid is then added and a 
small rod of graphite is introduced which floats on the melt and affords 
the proper amount of skimming. 

The melt is then poured into preheated vertical cast iron molds which 
have been coated with castor oil. Pouring is conducted slowly and care- 
fully, only sufficient flux being carried over to protect the stream of 
molten metal from oxidation during the transit from the crucible to the 
mold. The rate of pouring should be just equal to the rate of solidifica- 
tion in the mold so that little or no pipe will appear in the finished casting. 
If the pouring rate is too low or unsteady the resulting casting will show 
cold shuts and should be remelted. The ingot size will be determined by 
the dimensions of the strip required and by the rolling equipment avail- 
able. Excessively long ingots are not recommended, as they often cause 
trouble due to the splashing of metal on to the walls of the mold during the 
early part of the pour. Where the rolling-mill equipment is adequate, 
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an ingot about in. thick by 2}i in. wide and 10 in. long will be 
found satisfactory. 

The handling of scrap is of importance, for about 60 per cent, of the 
metal is returned for remelting. Turnings offer special difiSculties due to 
the possibility of mixing various colors of gold and to the possible presence 
of foreign material such as steel. The large ratio of surface to mass also 
tends to increase the melting loss. In general, high-carat turnings should 
be pickled in dilute nitric acid, to remove any base metals that may be 
present, and then be melted down under a heavy flux and pigged. All 
light scrap should be melted by starting with a heel of metal in the pot 
into which the scrap is forced so that rapid melting occurs. Some con- 
tamination will take place in spite of these precautions, possibly a slight 
pick-up of silicon and carbon. It is desirable to introduce some scrap 
with new melts; in this way all-scrap melts will seldom be necessary. 

After casting, the ingots are pickled in hot dilute sulfuric acid to 
remove the adhering boric acid. In rolling ingots heavy pinches are 
recommended; light drafts leave high internal stresses in the bar, which 
will cause splitting on annealing. For the same reason at least 50 per 
cent, reduction should be made before annealing. 

All grease should then be removed from the bar and a protective 
coating of ocher and boric acid should be applied hot unless a furnace 
operating under highly reducing conditions is used, in which case no pro- 
tective coating is required. Gold aUoys containing oxidi25able metals 
such as copper show a pronounced tendency to oxidize to a considerable 
depth on heating under oxidizing conditions producing the so-called 
“fire.^^ An annealing temperature of 650° C. to 750° C. is satisfactory, 
the lower temperature being used for the colored golds and the higher 
temperature for the white golds. 

In general, rapid cooling produces the softest metal but some of the 
alloys, the white golds in particular, are rather tender when hot, so that 
cracking may result from quenching. The use of hot water for quenching 
reduces the danger of cracking but many alloys had best be air-cooled to 
avoid all danger of cracking. 

After annealing, the bars are pickled to remove the protective coating 
and are then washed in hot water and dried. After re-roUing, the strips 
may be annealed as above indicated or they may be more conveniently 
handled by a direct electrical annealer, in which case the strips are 
clamped between two heavy contacts through which is passed a current 
suflSicient to bring the strip to the desired annealing temperature. This 
arrangement, while not free from objection, is quite satisfactory and 
is rapid. 

Scrupulous care must be exercised to keep the bars and strips clean 
during rolling operations, to avoid the introduction of small inclusions 
which remain invisible until the polishing buff discloses them. 
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Accurate rolling is necessary to secure uniform drawing in press opera- 
tions and to insure the proper filb'ng of forming dies where little or no 
possibility exists for taking care of excess metal in the form of a fin or 
flash. Cross rolling may be necessary to secure sufflciently uniform stock 
unless very rigid rolling mills are at hand. In general, the thickness 
should vary less than ±0.0002 from the standard thickness. 

DISCUSSION 

E,. H. Leach, Bridgeport, Conn. — Mr. Wise speaks of 50 per cent, reduction, but 
I do not know the exact gages. I wonder if he would be willing to give us the gages, 
or approximate gages at which those tests were made. 

E. M. Wise. — These were cold-rolled from one hundred thousandths to fifty 
thousandths prior to testing. 

T. A. Wright, New York, N. Y. — ^I congratulate Mr. Wise on his presentation. 
So far, we in this country have been chiefly indebted to our British and German 
friends for the attention that they have given to the precious-metal alloys of the gold- 
silver type, and I think that is in part due to the fact that the jewelry industry in this 
country has not been so noted for metallurgical progress, as we use the term. What 
we have done, speaking as a whole, we have been forced to do, with some notable 
exceptions, one of which is the company with which until recently Mr. Wise has 
been associated. 

There are two or three things of particular interest to me in this, although, con- 
sidering the amount of work that Mr. Wise has done and the amount that I have been 
permitted to do, I feel somewhat diffident about speaking on this subject. I think 
Mr. Wise will agree that, in the main, the efforts of the jewelry industry in work on 
these metals has been all along the lines of reducing the hardness of the white alloys 
and increasing the hardness and melting point of the green alloys. For ordinary 
purposes, in white and not quite so much in yellow we have, about all the strength 
that is ordinarily desired, unless it be in the rather thin, cheap wrist watches that 
are turned out today. The green gold alloys do not have the strength they 
should have. In other words, often they will wear like the 22 or 24-kt. alloy. 

I was also interested in Mr. Wise’s photomicrographs, and I wonder if it is possible 
(I say this for information and not in criticism) that some of the effects shown might 
be a matter of the etching reagent. I have not used the solution Mr. Wise has used, 
and which I think might be brought into the record, but in working in an endeavor 
to bring out the grain structure of the worked alloys, we have obtained our best 
results with the use of an electrolytic etch for 2 to 5 sec. in a 5 per cent, potassium 
cyanide solution. We also found great difficulty in preventing staining. We 
obtained at times some very weird results, especially in the concentrated solution 
(Fig. 10). Finally we developed the use of the purest potassium cyanide we could 
get, because we found in those salts having a fairly high concentration of sodium 
hydroxide at the beginning we obtained effects which we attributed in part to stain- 
ing, and in part to protection; in other words, faulty structures, and I should like 
some comment on that. 

For the cast alloys, we found a chromic acid solution with varying amounts of 
hydrogen peroxide, depending on the solubility of the alloy, brought out the coring 
and gave practically no stain. 

Has it been Mr. Wise’s experience that the cracking he has mentioned followed 
in all cases, or in most cases, the grain boundaries? That has been our experience 
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(Fig. 11). I recall at the moment an 18-kt. alloy which was being cupped from a 
6-in. disk and had reached the stage of a cup 1^2 bi. dia. and about 1}4 high. 
That sample was mailed in to us. Apparently there were no cracks that could be 
seen with the naked eye when it was mailed, but when it came to us 24 hr. later it 
had cracks ? 8 in. wide at the maximum. That could not be attributed to the handUng; 
it seemed as though great stress and strains were set up which were released in that 
period of time. 

In examining that specimen and a number of others, both in the 14 and 18 kt., we 
found that the cracking invariably followed along the grain boundary, although we 
could see no occlusions there. 

We showed, I think, in the photomicrograph a structure in which there were 
evidences of recrystallization, but occurring only over a small proportion of the area. 
I wonder if in that particular ease that could be due to the difficulty we have found in 



Fig. 10. — 14-kt. WHITE GOLD, X500. Fig. 11. — 18-kt. white gold. X 125. 
EtCHJSlNT, 15 PER CENT. NaOH, 5 PER SHOWING INTERCRYSTALLINE FRACTURE, 
CENT- KCN IN HiO. Electrolytic Etchant, KCN electrolytic. 

ETCH, 10 ICM. @ 0.15 AMP. 

bringing out and clarifying those grain boundaries without staining. It all had to 
be done with us along the lines indicated in a very short period of time, and it was 
important to keep the anode away from the cathode. 

E. M. Wise (written 'discussion). — Mr. Wright is correct in his outline of the 
present trend of jeweliy manufacturers. Heretofore, the softness of the green golds 
in particular, and to a lesser extent of the yellow golds, was such that fine engraving, 
barley work and decorations of that kind were rapidly effaced. It has been found 
possible to greatly improve the wear resistance of these alloys by the age-hardening 
process. A comparison of the api)earance of age-hardened versus untreated finely 
engraved jewelry after two or three years of wear indicated that a vast improvement 
in^wear resistance had been produced by the age-hardening treatment. 

In regard to the hardness of the white golds, apparently there is not much to be 
done; it is largely dependent on the color desired. With the 14-kt. white gold in 
particular, we find that as the nickel is increased a certain degree of whiteness is 
obtained; increasing the copper produces rather a dark shade and perhaps a tendency 
toward red; increasing the zinc ^t whitens the alloy but if done with a simultaneous 
reduction in nickel content results in the production of unattractive greenish shades. 
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The compositions of the useful white gold alloys occupy a rather limited range and 
each manufacturer has adopted aUoys that fit in with his mechanical processes and 
possess a marketable color. If a manufacturer is willing to go to a little additional 
trouble the harder and whiter alloys may be used. 

In regard to the etching, we use a mixture of 10 per cent, of ammonium persulfate 
and 10 per cent, cyanide solutions, except in the case of precipitate structures where 
the differential etching was very marked and where it is difficult to contl*ol the more 
concentrated solutions. In this case more dilute solutions are better. Many years 
ago we used the electrolytic etch but finally abandoned it in favor of the cyanide and 
persulfate solutions. Electrolytic etching is quite effective, but with certain alloys 
trouble is encountered through the formation of passive films. In the case of alloys 
containing silver, chlorides cause much trouble. Very peculiar structures maj" be 
produced by strong etching solutions applied to the high silver content green and 
yellow golds. 

In all cases of fire or annealing cracking that I have studied the cracks were inter- 
crystalline. I believe that the partial recrystallization noted by Mr. Wright was 
due to uneven illumination. 

The ammonium persulfate and cyanide etch is applicable to a wide range of alloys. 
Chromic acid is quite effective but I prefer the former combination. 

O. W. Ellis, Pittsburgh, Pa. — The gold alloys form interesting systems in that 
they present certain types of phenomena which are not found in other alloj^s. In the 
gold-nickel system, for example, we have conjugate solutions and certain definite 
temperatures beyond which these conjugate solutions disappear. 

Another system that is particularly interesting is the gold-copper system, in which, 
according to Kumakow and others, are formed intermetallic compounds at low 
temperatures from solid solutions, I have used the equilibrium diagram of this 
system in presenting certain metallographic principles to students and received rather 
a shock the other day, therefore, to note that there was some question as to whether 
these two compounds existed at aU. My own inquiry is whether the copper auride 
referred to by Mr. Wise does or does not exist. I should be most sorry to find that 
this useful diagram, which offers such excellent points for discussion with students, 
had disappeared. 

E. M. Wise. — I am glad that the matter of the presence or absence of the copper 
auride enters into the discussion. I have no very good evidence of my own, but my 
opinion is that the AuCu most emphatically does exist. The AuCus is under the light 
of present investigation. Perhaps in the next year or so I may induce Mr, Bain to 
reinvestigate certain of these alloys to determine the domain of existence of the 
compound and establish the actual existence of it. In the case of palladium copper, a 
compound exists which is approximately PdCu, and there is very little question about 
it. There is precipitation, there is age-hardening, there are all the evidences of the 
compound formation. In the case of platinum copper, evidence of compound forma- 
tion is quite apparent and that, too, I hope to investigate in the course of the next year. 

C. S. Smith, Waterbuiy, Conn. — I did some X-ray work on the copper-gold 
system a few years ago. Unfortunately, itwas never possible properly to finish it, but 
a brief description of some of the results obtained is given in Mining and Metallurgy 
of October, 1928. These experiments showed that the compound CuAu does exist, 
or at least that there is some phase pr^ent in alloys in this range of composition 
different from the face-centered cubic solid solution. No evidence of the existence 
of a distinct phase corresponding to the compound CujAu was found. An alloy 
with 25 atomic per cent, gold, annealed and slowly cooled through the transformation 
range over a period of five weeks, gave a diffraction pattern consisting of a few lines 
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<ine to the compound CuAu superimposed upon the lines due to the undecomposed 
face-centere<i cubic solid solution. 

E. A. Capillon, Attleboro, Mass, (written discussion). — This paper brings out 
some interesting facts concerning heat treatment, a subject which apparently has 
been quite overlooked in the jewelrv' industry. My experience has been that marked 
changes can be brought about in the mechanical properties of certain precious-metal 
alloys by heat treatment. It is unfortunate, however, that in many cases heat 
treatment involving quenching, although it may greatly improve the working qualities 
of an alloy, may be unfeasible from the practical standpoint because of serious di£B- 
culties caused by quenching cracks. An exception to the preceding statement was 
found in the case of a white gold solder alloy, containing gold, 41.7 per cent.; silver, 
22,4; copper, 13.9; zinc, 15.0 and nickel, 7.0; which could be readily quenched without 
cracking. An alloy of that composition is at best diflScult to roll because of its 
inherent great hardness. This alloy, however, can be readily reduced 20 per cent, 
in cross-section in rod-rolling mills if it is previously quenched from 1300® P,, whereas 
in the annealed and slow-cooled condition it will crack when rolled even less than 10 
per cent. Hardness measurements on the as-cast alloy gave the following values: 

Air-cooled from casting temperature, B 99.1 Rockwell 
Reheated to 1300® F. after casting, quenched in water, B 92.9 

From photomicrographs it appears that the differences noted are due to the 
presence of a blue-white dendritic constituent which can be seen in unetched samples 
of both the slow-cooled and the quenched alloys in both the as-cast and the rolled 
condition. This constituent is much more extensively distributed in the slow-cooled 
than in the quenched specimens, apparently on account of lower solubility at room 
temperature. It is attacked by 20 per cent, nitric acid solution and is apparently a 
nickel-rich eompoimd or solid solution. 

The very marked effect that quenching and aging may produce on the corrosion 
resistance of an alloy is illustrated by the following data obtained for the binary alloy 
75 weight per cent, gold, 25 weight per cent, nickel. Samples of the cast alloy were 
rolled approximately 50 per cent, and treated as follows: 

No. 1. Annealed 1650® F., 1 hr., quenched in cold water 
No. 2. Annealed 1300® F., 1 hr., air-cooled 

The samples were immersed for 24 hr. in a solution containing 10 per cent, sulfuric 
acid and 16 per cent, sodium sulfate heated to 160® F. The losses in weight recorded 
were 0.067 mg. per cu. cm. for sample. No. 1 and 0.583 mg. per cu. cm. for sample 
No. 2, a ratio of about 9 to 1 in corrosion resistance. 

F. E. Caeteb, Newark, N. Y. (written discussion). — This is the first paper we 
have seen which explains scientifically the cause of the numerous troubles experienced 
by manufacturers of white golds in the past and which are still encountered occasion- 
ally in spite of extensive familiarity with the alloys. Our experiments confirm the 
author's findings; namely, that gold-nickel alloys are made softer by slow cooling 
and that white golds (with zinc, etc.) are softened by quenching. Licidentally this 
tends to show the incompleteness of the explanation that age-hardening is based on 
the separation of the gold-rich and nickel-rich solid solutions. 

As regards age-hardening of gold-silver-copper alloys, it might be inferred from 
the compositions given in the tables that small amounts of nickel, zinc or manganese 
might be necessary, and it would seem weU to state clearly that gold-silver-copper 
alloys without any additional elements show the same phenomenon; the effect may 
be observed in both 14 and 18-kt. golds, the temperature range of age-hardening 
being particularly wide in the case of the 14-kt. golds. 
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The practical hints for melting and working will prove useful. We agree that the 
use of special deoxidizers had best be avoided; and that it is better to depend on the 
zinc present to deoxidize since a small excess does not have those harmful effects 
which arise from the use of excessive quantities of other deoxidizers. Bottom-pour 
graphite crucibles are in our opinion preferable, since a good layer of boric acid flux 
may be used without any of it getting into the mold. 

In melting white golds the pouring temperature is a very important factor, and 
we find the use of pyrometers almost essential. The pyrometer is enclosed in a 
graphite tube which acts as a stirring rod for a few minutes prior to pouring; when the 
millivoltmeter indicates the temperature that experience with the particular alloy 
has shown to be correct, the pyrometer is removed and the melt promptly poured. 

In rolling, the keeping of the sheet flat or nearly flat is of more importance than 
the amount of the draft; in this connection it might be well to have the author’s idea 
of what constitutes a light and a heavy draft. 

JE, M. Wise (written discussion). — The studies of Mr. Smith, in conjunction with 
the work recently published by LeBlanc, Richter and Schiebold^ fully establishes the 
existence of the compound Gu Au, and the work of the latter group aflSrms the presence 
of a special arrangement corresponding to Cu* Au. 

As stated by Mr. Capillon, quenching is not always feasible because of the danger 
of cracking the alloy. Most alloys transform at a rate suflSciently low so that rather 
slow quenching media, such as oil, may be used. This reduces the liability of cracking 
the alloy during the quench. 

The change in the hardness of the 10-kt. white gold solder with the variation in 
cooling rate noted by Mr. Capillon is of interest. Owing to the constriction of the 
Rockwell scale in the vicinity of lOOB, the change in hardness noted (99.1 to 92.9) is 
of considerable magnitude. The dendritic structure noted in these 10-kt. alloys 
seems to be typical of the low-carat white gold alloys and can be broken up only with 
great difficulty. 

The influence of heat treatment upon the corrosion rate is indeed striking. Pro- 
longed treatment at temperature below 1300® F. will result in even greater reactivity. 

I want to thank Dr. Carter for his contribution and note that his experimental 
results are, in general, similar to those reported in this paper. The hardness change 
produced by the precipitation of a second phase in an alloy is not independent of the 
nature of the precipitated phase. In general, the precipitation of a more or less pure 
metal produces relatively small hardening. This seems to be true in the case of the 
precipitation of copper from iron and nickel from gold, the latter being noted on 
page 399 in the present paper. It should be noted that the precipitation of a copper- 
rich solid solution from silver does produce appreciable hardening, but greater harden- 
mg results from the precipitation of a compound such as CuAls from silver, as has 
been previously pointed out by the writer. 

The gold-copper and gold-silver-copper alloys of the proper composition do exhibit 
age-hardening due to the formation of CuAu, as noted by Dr. Carter, but the presence 
of other elements, such as nickel, materially increases the hardness of the alloy in 
most states and probably alters the range of composition of alloys amenable to pre- 
cipitation hardening. Certain gold-silver-copper alloys, containing considerable 
zinc, together with a small quantity of nickel, exhibit very marked age-hardening. 
The hardening constituent has not been identified, but it is improbable that it is Cu Au. 

My experience with bottom-pouring crucibles is that the ingots poured from such 
crucibles are slightly rough, due to the oxidation of the metal stream during its 

^ M. LeBlanc, K. Richter and E. Schiebold; Eine Priifung der Tammannschen 
Theorie der Resistenzgrenzen am System Gold-Kupfer. Aufstellung neuer Gesicht- 
spunkte. Ann. physik. (1928) 86, 929. 
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transmit from the crucible to the ingot mold. When properly poured from top-pouring 
crucibles a trace of boric acid will pass over, protecting the metal stream from oxida- 
tion. If a reducing atmosphere were maintained within the mold, this objection to 
the bottom-pouring crucible would be removed. 

Pyrometric control of pouring temperature is, as stated by Dr. Carter, quite 
important. 

The reductions used in rolling depend upon a number of factors, such as the 
diameter, stiffness and surface of the rolls, as well as the power available. In general, 
a reduction of 15 per cent, per pass would be considered a heavy draft. It is desirable 
to keep the strip flat during rolling. This may be done by raising or lowering the 
strip as it enters the rolls. Lowering the strip will usually cause the strip to curve 
downward on leaving the rolls, although in vei:y hard-rolled materials this effect 
may be reversed. 



Dispersion Hardening in Copper-base and Silver-base Alloys 

By J. L. Gregg,* Chicago, III. 

(New York Meeting, February, 1929) 

A STUDY of copper-base and silver-base alloys was made with the 
object of finding, if possible, useful alloys subject to dispersion hardening. 
These studies led to the discovery of several alloys showing considerable 
dispersion hardening, the most important of which, the alloys of copper 
with iron, nickel, cobalt and chromium silicides, have since been very 
ably reported by M. G. Corson.^ This paper is offered as a few notes 
covering alloys other than those described by Corson and some further 
data on the sihcide alloys. 


Copper Allots 

For the purpose of making a rapid survey of copper alloys that might 
show useful dispersion-hardening phenomena, various alloys were pre- 
pared containing 3 per cent, of additional elements added in such pro- 
portion that possible compounds could be formed without an excess of 
either added element. These alloys in the form of rolled or forged pieces 
were quenched in water from a temperature of 871° C. (1600° F.) and 
subsequently aged at various lower temperatures for 1-hr. periods. The 
comparison of the Rockwell hardness of the quenched alloys with the 
maximum hardness of the alloys after aging was used as a measure 
of the dispersion hardening. 

Table 1 shows the Rockwell “E” hardness baU, 100-kg. load) 
of the quenched alloys, together with the maximum hardness resulting 
from aging. The reheating temperature given in this table is the aging 
temperature at which maximum hardness resulted from a 1-hr. sojourn. 
From this table it may be observed that only the silicide alloys showed 
significant dispersion hardening. 

Of these, the only one not described by Corson is the Cu-Be-Si alloy. 
This alloy contained 1.35 per cent, beryllium and 1.78 per cent, silicon, 
which is approximately equivalent to 3 per cent. BeaSi. It had a yellow 
color and scaled much less than the other silicide alloys upon heating. 
It could be worked easily either hot or cold but hardened very rapidly 
on cold working. The annealed alloy upon drawing from a diameter 

* Metallurgical Engineer, Western Electric Co. 

‘M. G. Corson: Copper Alloy Systems with Variable Alpha Range and Their 
Use in the Hardening of Copper. Proc. Inst, of Metals Div., A. I. M. E. (1927) 435. 
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of 0.125 in. to No. IS gage (0.072 in.) hardened so that it was impractical 
to draw further with the standard reduction of one B. & S. gage per die. 
After this amount of drawing, its tensile strength was 158,000 lb. per sq. 



Fio. 1. — Copper cobneh op Cxt-Co-Si diagram indicating composition of alloys 

INVESTIGATED, 


in. After quenching from 871° G., its tensile strength fell to 52,200 
Ib. per sq. in. and increased to 71,200 lb. per sq. in. when subsequently 
aged at 427° C. 



OSO 040 0 020 040 Q60 060 LOO LEO UO 


Fig. 2. — ^Electrical condtjctivitt op Ctj-Co-Si after quenching and aging. 

As we were desirous of obtaining an alloy of high tensile strength and 
low electrical resistance, and the cobalt silicides appeared to yield alloys 
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having the least resistance of the hardenable alloys, the electrical proper- 
ties of a number of such alloys were determined. The compositions of 
alloys are illustrated diagrammatically in Fig. 1. The tensile strength 
and conductivity of these alloys after heat treatment are given in Table 2. 
Their conductivity in their hardest condition is plotted in Fig. 2 against 
the amount of excess silicon or cobalt over that required to form the 
compound CojSi vnthovt respect to the amount of CotSi contained. The 
fact that the points fall in two smooth curves, which form a cusp at the 
ratio of cobalt and silicon necessary to form the compound Co 2 Si, fur- 
nishes additional proof that dispersion hardening in this instance is due 
to separation of a definite compound and shows the maximum con- 
ductivity that may be expected from hardenable copper-cobalt sili- 
cide alloys. 

Silver Allots 

The silver alloys listed in Table 3 contained 3 per cent, of added ele- 
ments, as in the ease of the copper alloys, and were quenched from a 



Fig. 3. — Hardness op quenched silteh allots afteh vabiotjs aging tempera- 

TUBES. 

Chirve 1. 3 per cent. CoAli, 97 per cent. Ag. 

Carve 2. 3 per cent. Ou, 97 per cent. Ag. 


temperature of 875° C. (1500° F.) and aged at various lower tempera- 
tures. Of these alloys only the Ag-Cu-Al alloys indicated marked 
dispersion hardening. The hardness of the CuAl 2 alloy and the Cu alloy 
are plotted in Fig. 3 against the aging temperature.® It is interesting 
to note that copper aluminide is capable of producing marked hardening 
in aluminum and nickel, as well as in silver. 


* W A. Mudge: British Pat. 250194, Mar. 31, 1925. 




412 DISPERSION HARDENING IN COPPER-BASE AND SILVER-BASE ALLOTS 


Table 1. — Hardness of Quenched Copper-iase Alloys 


Hardener 

AB 

Solution 
of A in 
Base, 
Per Cent 

Solution 
of B m 
Base, 
Per Cent 

Rockwell “E” 
Hardness 

Quenched Aged 

■ m Tensile [ “* 

®^h“ne*^ Dewees 
Sq In^ 1 Centigrade 

NijSi 

100 

5 

50 

100 

64,000 

' 538 

CoSi 

7 

5 

55 

1 103 

30,000 

1 538 

Mii*Si 

100 

5 

45 

' 73 


593 

Mg,Si 

0 

5 

48 

53 



Si 


5 

30 

40 



Co 


7 




1 

BeiSi 

1 

5 

69 

112 

; 20,000 

; 427 

FeSi 

1 3 

5 

70 

88 

10,000 


BeNi 

1 





1 

FeAl, 

i 3 

10 

42 

65 

1 

1 649 

FoiSn 

1 3 

14 

74 

82 

1 

' 649 

FeZnj 

3 

39 

30 

52 


! 649 

Fe 


3 



1 

1 

1 

NiA 


10 

39 

48 


538 

NijSnj 


14 

52 

59 

i 

593 

CoAL 

1 ^ 

10 

49 

67 

' 

649 

CojSn 

! 7 

14 ; 

51 

79 

j 

649 

CoZn4 

' 7 

39 

21 

46 

1 

649 

Mn,Al 


10 

32 

46 

1 

I 

! 593 

MiijSn 


14 

44 

50 


649 

AlaZnj . 

10 

39 , 

27 

46 


593 

Ni,Sn 

! 

14 

61 

62 



NijSn j 

I 1 

14 ' 

56 

60 

i 

593 
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Table 2. — Properties of Alloys after Heat Treatment 


Cu-Co-Si Wires Aged for 1 Hr. at 538® C. 

Quenched from 871® C- after Quenching 


Number 


Conductivity 
Annealed Copper, 
Per Cent. 


Tensile Strength, 
Lb. i>er Sq. In. 


Conductivity 
Annealed Copper, 
Per Cent. 


Tensile Strength, 
Lb. per Sq In. 


1 

23.5 

37,600 

48.7 

72,700 

2 

18.8 

39,100 

38.4 

79,800 

3 

18 0 

42,750 

30.5 

71,900 

4 

16.6 

- 47,500 

25 8 

72,700 

5 

13.0 

47,500 

16.7 

67,300 

6 

14.9 

48,800 

20 9 

72,000 


11.4 

50,000 

13.3 

73,000 

8 ' 

26.5 

35,600 

44 2 

56,000 

9 1 

21.2 

39,900 

38.2 

73,200 

10 

21.2 

45,300 

45 3 

76,700 

11 1 

20.6 

47,800 

44 0 

75,000 

12 1 

20.4 

49,700 

49.6 

79,000 

13 i 

20.0 

49,600 

41.7 

69,000 

14 

20 6 

47,500 

53.8 

79,000 

15 

14.3 

43,500 

40.7 

52,700 

16 

18.5 

46,500 

44 3 

58,400 

19 



59.0 

72,250 


Table 3. — Hardness of Quenched Silver-base Alloys 



Hardener 

AB 

Solution 
, of A in 

I Base,® 
Per Cent. 

Solution 
, of B in 
Base,® 
i Per Cent. 

1 

Rockwell “E" 
Hardness j 

Reheating 
Tempera- 
' ture 

' Quenched 

Aged 

Degrees 

Centigrade 

1 

CuAla... 


6 

4 

1 30 

! 95 1 

371 

Cu2Mg . . 



1 6 

28 

i 4 

1 40 

427 

CusSb . . 

. . . ... 

! 6 


! 10 

33 ! 

150 

MgZn2.. 


28 

1 204 

i 2 ! 

38 

427 

Cu2C<i3 . - . 


6 

32 

i -2 1 

7 

371 

CdSb 


32 

10 

' -3 ' 

20 ' 

371 


^ Most of these solubilities are taken from Guertler: Ztsch. f. Metallkunde (1927) 
19, 68. 





The Constitution of the Copper-silicon System 

By Cyril Stanley Smith,* Waterbuey, Conn. 

(Philadelphia Meeting, October, 1928) 

Isolated alloys of copper and silicon were prepared and examined 
by chemical methods more than one hundred years ago, but it was not 
untU the work of Rudolfi* that the equilibrium relations were studied. 
The early history of the alloys was well described by Baraduc-Muller^ 



Fig. 1. — CoppEH-siLicoN equilibrium diagram according to Rudolfi (1907). 

and need not be further discussed here. The diagram of Rudolfi, based 
entirely on thermal observations, showed silicon to be soluble in copper 
up to 4.5 per cent, at 849“ C., at which temperature there was a peritectic 
horizontal resulting from the formation of a |8 phase with about 7.4 
per cent, silicon from a and liquid with 7.85 per cent, silicon. The jS 
phase was believed to form a eutectic with CujSi at 820“ C. and 9.8 per 

* Research Laboratory, American Brass Co. 

‘ E. Rudolfi: Die Silicide des Kupfers. Ztsch. anorg, diem. (1907) 63, 216. 

* L. Baraduc-Muller: Action de carbure de silicium sur quelques oxydes metal- 
liques. Rev. Met. (1910) 7, 711. 
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cent, silicon. It was supposed to undergo a continuous change in compo- 
sition on cooling between 810° and 780° C., and to decompose at 710° 
into Cui9Si4. The phase CuaSi was shown to form a second eutectic 
with pure silicon, at 17.6 per cent, silicon and 800° C. No investigators 
other than Rudolfi have determined the diagram in the range above 20 
per cent, silicon, and for this reason, as well as for comparison with the 
newer work on the copper-rich alloys, his diagram is reproduced in Fig. 1. 

The most complete and accurate work which has hitherto been 
published is that of Sanfourche,® whose diagram is reproduced in Fig. 2. 



Fig. 2. — Coppee-silicon equilibrium diagram according to Sanfourche (1919). 

Beyond the a phase, saturated at 5 per cent, silicon, there are three other 
distinct phases; jS, between 7.9 and 8.6 per cent, silicon, supposed to 
undergo two polymorphic changes; 7, immediately adjoining this and 
also suffering a polymorphic change; and 5, which forms a eutectic with 
7. This phase also undergoes a polymorphic change although the heat 
effect is very small. Instead of the eutectic indicated by Rudolfi, 
Sanfourche found a range of aUoys melting at 801° to 802° C. and sug- 
gested the existence of a fifth phase, €, at about 16 per cent, silicon. 
There is very little evidence to support this assumption. 

Corson^ peremptorily discards all previous work as incorrect and 
himself suggests a diagram which is very simple although it does not 

®M. A. Sanfourche: Sur les alliages cuivreHsilicium. Rev. Met. (1919) 16, 246. 
^ M, G. Corson: Copper Alloy Systems with Variable Alpha Range. Proc. Inst. 
Metals Div. (1927) 435; Merit in Copper-silicon Alloys. Iron Age (1927) 119, 353. 
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explain the very marked cooling curve arrests found by the previous 
workers. He gi%"es no experimental details whatever. His diagram is 
reproduced in Fig. 3. 

In a previous paper the author^ determined with considerable accuracy 
the limits of the a solid solution, and the solidus and liquidus lines up to 
7 per cent, silicon. The liquidus w^as determined by a series of cooling 
curves, and the solidus by the microscopic examination of specimens 
quenched after annealing at successively increasing temperatures. 



The limit of the a solid solution was fixed by the microscopic examination 
of a very large number of samples varying in composition by steps of 
only 0.1 per cent., which were annealed for long periods at various 
temperatures and quenched. The time of annealing varied from seven 
or eight hours at temi>eratures near the melting point, to one week at 
400*^ C. and seven weeks at 350^^ C. The results of these experiments are 
summarized in Fig. 3a, which is reproduced from the previous paper by 
kind permission of the Institute of Metals. The solubility reaches its 
maximum value, 6.7 per cent, silicon, between 721'' and 782° C. and 

^ C. S. Smith: The a-Phase Boundary of the Copper-Silicon System. Jnl. Inst. 
Met. (1928) 40, 359. 
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decreases both above and below this temperature range. At the peri- 
tectie point, a contains only 5.25 per cent, silicon, while below 782° C. 
the solubility decreases gradually to 3.85 per cent, at 350° C., the lowest 
annealing temperature used. The rapid decrease in solubility above 
782° C. is of a tyjie unusual in equilibrium diagrams, and is apparently 
due to the great stability of the ^ phase. The 5 phase is evidently less 



Fig. 3a. — ot-PHASE boundary of the copper-silicon ststem according to Smith 

(1928). 

stable and permits a greater amount of silicon to go into solution. With 
the exception of changing the temperature of the third horizontal line from 
721° C. to 726° C., the results of this work have been included in the 
complete diagram shown in Figs. 7 and 8 of the present paper. 

When the manuscript of this paper was almost completed, a recently 
published diagram by K. Matuyama® came to the author’s attention. 

®K. Matuyama: On the Equilibrium Diagram of the Copper-silicon System. 
Sd. Repts. Tohoku Imp. TJniv. [1] (1928) 17 , 665. 
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This diagram is reproduced in Fig. 4 and will be seen to differ in several 
details from the one drawn by the author. This is probably due to the 
wide spacing of points, for, while Matuyama had only four alloys between 
8 and 10 per cent, silicon, the author made 22 alloys in this range. The 
liquidus differs somewhat in that the silicon eutectic occurs at 17 per 
cent, silicon instead of 16 per cent., as given by the author, and the almost 



Fig. 4. — Copper-silicon diagram according to Matuyama (1928). 

horizontal portion of the liquidus due to the author’s S solid solution is 
lacking. The temperatures of the various horizontals agree fairly well, 
but Matuyama's temperatures are generally about 5° higher. By 
electrical resistance methods, Matuyama found a horizontal, MN, at 
800° C. which the author did not observe either by cooling curves or 
quenching experiments. As, however, quenching experiments in this 
range were not very complete, it is not possible defim'tely to state that 
Matuyama is in error on this point. 
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Experimental Work 
Analysis of Materials 

The alloys for the present investigation were made from electrolytic 
copper and the purest obtainable silicon. The latter, which was very 
kindly supplied by the Electro Metallurgical Sales Corpn. of New York, 
had the following analysis: silicon, 99.18 per cent.; iron, 0.44 per cent.; 
aluminum, 0.15 per cent.; calcium, 0.04 per cent. 

To facilitate the melting of the alloys in small charges, large quantities 
of intermediate alloys with 12 per cent, and 22 per cent, silicon were 
first made up, and, after complete analysis, these were used in making 
the crucible charges. They were found to contain 0.09 and 0.12 per 
cent, iron respectively, no aluminum, no calcium. These latter elements 
had apparently been removed by oxidation during melting. The alloys 
with less than 12 per cent, silicon were made by melting together the 
necessary quantities of the 12 per cent, alloy and copper. The melts 
with more than this amount of silicon were made from the two alloys. 

All the cooling-curve ingots and the bars from which the samples for 
microscopic examination were cut were analyzed for copper. On many 
of the alloys silicon was also determined, and after the technique had 
been established the two figures totaled to 100 per cent. ±0.1 per cent. 
Since the copper determination is the more accurate, this element alone 
was determined on most of the samples, and the silicon taken by difference. 
In all cases duplicate determinations of copper were made, and if these 
did not agree sufficiently closely, further determinations were made 
until a satisfactory check was obtained. No correction was made for 
the iron present, and in reality the diagram determined is a diagonal 
section of the ternary copper-silicon-iron diagram very close to the 
copper-silicon side, with the iron varying uniformly from zero to 0.12 
per cent. 


Method of Analysis 

For the determination of copper, duplicate 1.0-g. samples were 
weighed out and each dissolved in 35 c.c. of a solution containing 1700 
c.c. water, 500 c.c. sulfuric acid (1.84 sp. gr.) and 300 c.c. of nitric acid 
(1.42 sp. gr.). The solutions were then diluted to 150 c.c. and electro- 
lyzed for 14 hr. with a current of 0.5 amp. at 10 volts. Stationary 
platinum-gauze electrodes and wire anodes were used. Alloys contain- 
ing 9 per cent, or more silicon were not completely soluble in the dissolving 
solution, and to these 2 c.c. of hydrofluoric acid was added, after which 
the solution was evaporated to fumes, taken up with 7 c.c. 1-1 nitric 
acid, diluted to 150 c.c. and electrolyzed as before. Silicon was rarely 
determined on these high-silicon alloys. 
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The silicon determination was made on 0.5-g. or 1.0-g. samples which 
were dissolved in 25 c,c. of the given solution. The mixture was then 
evafKirated to dense fumes of sulfur trioxide, after which it was taken up 
with water, boiled and filtered on No. 42 T^Tiatman paper. The residue 
was ignited in a platinum crucible, weighed, treated with hydrofluoric 
acid and again weighed. The loss in weight represented silica and was 
converted to silicon percentage in the sample. 

Thermal Analysis 

Cooling curves were made of a complete series of the alloys up to 20 
per cent, silicon. The crucible charges used varied in composition by 
steps of 0.1 per cent, in the range between 7 and 10 per cent, silicon, 0.2 
per cent, between 10 and 12.5 per cent., and a wider spacing up to 20 
per cent, silicon. The oxidation losses on melting were rather variable, 
consequently an even series was not obtained, and no cooling curves 
were made on alloys between 9.0 and 8.5 per cent, silicon, but otherwise 
the alloys were fairly uniformly spaced. 

The ingots for the cooling curves weighed 200 g. in the range up to 13 
per cent, silicon, and 180 g. beyond this. They were melted and cooled 
under a covering of charcoal in tall graphite crucibles in a vertical electric 
tube furnace. Chromel-alumel thermocouples, 0.040 in. dia., were used, 
in connection with a Leeds and Northrup potentiometer reading to 
0.001 mv. The cold junction was kept in a vacuum bottle filled with 
ice, and couples were calibrated frequently against the following 


melting points. 

“C. 

Copper 1083.0 

Silver 960.5 

Copper-silver eutectic (78 per cent, silver) 778.0 

Alummum . . .’ 658 . 9 

ISnc 419.4 


Successive calibrations were found to differ by less than a degree, 
and, including errors of calibration, plotting, and from all sources it is 
unlikely that the maximum error in any case is more than ± 5° C. 

The thermocouples were mounted in twin-bore alundum tubing, 
in. dia., the junctions projecting at the end. To protect the couples 
from contact with the molten metal, short sheaths machined from arc- 
lamp carbon were used. These had walls about Me iii- thick and a 
narrow projection at the end to keep the junction about M in. from the 
bottom of the crucible, to insure its being well surrounded by metal. 
The crucibles were tall and narrow and the couple was immersed to a 
depth of about 2 in. The arrangement is shown diagrammatically in 
Fig. 5. Sharp arrests with very little lag were obtained by this method. 
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The readings were taken for plotting by the inverse rate method, a 
seconds clock being read each time successive falls of temperature equiva- 
lent to 0.05 mv. had occurred. The rate of cooling before solidification 
commenced was between 4° and 6® C. per minute and was controlled by 
maintaining a small steady current through the furnace. When investi- 
gating the changes in the solid state the rate of cooling was never more 
than 4° C. per min., and in some special cases was as little as 2° C. per 
min. to reduce undercooling as much as possible. 



IHCHES 


Fig. 5. — Arrangement op crucible anb thermocouple for cooling curves. 

The arrests observed are assembled in Table 1 and are plotted in the 
diagram, Fig. 7. Fig. 6 shows some typical cooling curves. 

Annealing and Quenching Experiments 

Although cooling curves were used to determine the liquidus and the 
temperatures of the various horizontal lines in the diagram, the composi- 
tion ranges over which the various phases existed were determined by 
the microscopic examination of a large series of quenched samples. The 
samples were in the form of pieces sawn or broken off chill-cast bars 
in. dia. and 6 in. long. The alloys with more than 7.5 per cent, silicon 
were too brittle to be sawn and the alloys undergoing the 5-7 change 
(8.4 to 8.7 per cent, silicon) were so brittle that they disintegrated 
during cooling after casting. The high-silicon alloys (e) lacked this 
extreme fragility, although they were also very brittle, and much diffi- 
culty was experienced in obtaining a quenched sample large enough 
for polishing. 

Samples for annealing were packed inside a thick-walled copper tube, 
which was placed in a horizontal electric tube furnace, specially wound 
and equipped with auxiliary end coils to give uniform temperature 
distribution. To minimize oxidation an illuminating-gas atmosphere 
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Table 1. — Summary of Thermal Analysis 


Temperature of Arrests 


No. 


^ SiHeon, 
Per Cent 


Eutectjc 
Primary or Pen- 
tectie 


Solid Transformation 



«C. 

• °C. 

1 

I 

2 

^ 3 

4 




®C. 

°G. 

«C. 

“C. 

5.09 

971 

851 

b 

b 

c 

' e 

5 59 

952 

851 

e 

1 ^ 

« 

1 e 

5.92 

932 

S51 

781 

1 C 

1 c 

) e 

6 41 

911 

851 

h 

b 

1 ^ 

\ e 

6 82 

SS4 

852 

782 

716 (739 

)l 

1 e 

7 03 

887 

852 

782 

721 

1 e 

e 

7 15 

884 

852 

782 

726 (736 
720 

I 

1 C 

7 43 

873 

852 

782 

e 

1 ^ 

7 45 

869 

851 

781 

720 

e 

1 

7 50 

865 

851 

782 

721 (739) 

e 

1 

7.69 

853 

6 

781 

726 

e 

' e 

7.85 

850 

b 

780 

720 

c 

1 ^ 

8.00 

839 

I b 

780 

725 

h 

1 ^ 

7.98 

849 

b 

780 

721 

b 

I c 

8.09 

845 

b 

781 

■ 724 

b 


8 25 

i 844 

b 

779 

' 721 

b 

1 

8 33 

! “ 

c 

I 780 

721^g27j 

b 

b 

8 35 

1 845 

1 h 

1 778 

h 

e 

8 35 

1 310 

1 ^ 

776 

1 723 

( 

€ 

8.45 

1 839 

1 b 

781 

; 726 

710 

C 

8 48 

, 836 

b 

782 

i 724 

710 

e 

8 51 

f 831 

\ 824 

779 

1 719 

710 

e 

8 95 

, 824 

I 6 

b 

I 714 

710 

e 

9 02 

1 825 

h 

b 

• 720 

709 

c 

9 06 

1 824 


b 

i 715 

710 

e 

9 14 

823 

1 b 

b 

b 

707, 670 

e 

9.15 

823 

1 » 

b 

b 

706 

e 

9.36 

1 

e 

c 

713 

700 (706) 

b 

9.36 

822 

h 

b 

b 

704 

e 

9 45 

822 

b 

b 

b 

702 

c 

9 70 

822 

1 b 

1 b 

b 

701 

0 

9.70 

822 

1 b 

b 

711 

704, 678 

e 

9 79 

821 

1 b 

h 

b 

701, 680 (738) 

c 

9.90 

822 

1 6 

b 

e 

e 

e 

10.29 

835 

819 

b 

b 

699, 690 

e 

10 68 
10 85 

e 

848 

820 

e 

e 

b 

0 

717 (738) 

c 

620 (623) 

1 z ® 

11 15 

855 

820 

b 

b 

700, 660 

c 

11.22 

C 

c 

e 

b 

710 

CO 

CO 

CO 

11.33 

855 

820 

c 

c 

c 

c 

11.59 

858 

b 

b 

b 

652 

b 

11.77 

857 

b 

e 

e 

e 

e 

12.16 

858 

b 

® 1 

e 

e 

c 

12 22 

858 

h 

h 

\ b 

b 

b 

12.29 

859 

b 

c 

« 

e 

e 

12.42 

859 

797 

e 

e 

e 

e 

12,69 

857 

796 

e 

e 

c 

e 

13.01 

855 

800 

b 

b 

b 

556 

13.18 

13.48 

0 

851 

801 

c 

« 

6 

e 

b 

c 

552 (559) 

14.42 

842 

801 

h 

b 

b 

557 

14.94 

832 

SOI 

e 

t 

c 

15.36 

824 

802 

c 

e 

e 


15.77 

16 24 

811 

h 

802 

802 

b 

c 

b 

e 

b 

c 

556, 546 (558, 551) 

16.27 

SOS 

803 

c 

e 

c 


16.85 

17 69 

825 

853 

803 

802 

i 

e 

b 

c 

b 

e 

558, 548 

17.86 

865 

802 

c 

e 

e 


18.44 

872 

803 

c 

e 

e 


20 16 

913 

802 

e 

e 

e 

4 


12 

13 

14 

15 

24 

16 
23 

25 

26 

27 

29 

28 
IS 

30 

31 

32 
96 

33 

34 

35 

36 

37 

41 

39 

40 
20 

42 
100 

43 

44 
21 

46 

47 

48 

50 
101 « 

51 

52 
9S« 

53 

54 

55 

56 

57 

58 

59 

60 
61 
99« 
62 

63 

64 

65 

66 

67 
74 

68 

69 

70 

71 

72 


Temperati^ in parentheses indicate arrests on heating curves 
solidM s^S-egation. Annealed 1 hr. immediately below 

h = Arrest absent. 

c a* Readings not taken at this temperature. 
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was used for most of the experiments, although in the earlier work on the 
CL alloys the furnace was merely packed with charcoal and sealed. Oxida- 
tion occurred to a smaller extent in illuminating gas but even then was 
an important factor. When gas w^as used, a heavy deposit of carbon 
formed on the alundum furnace core and in time short-circuited the 
windings and had periodically to be burned out. 

A bare thermocouple rested directly against the specimens inside the 
tube and the temperature was controlled and recorded by a Leeds and 



rfo37*8M;iSi 
•• 98-llU%5l 
- 63«H42roSi 



i . I . I 
« Z9 iO 


Fig. 6. — Typical cooling curves of copper-silicon alloys. 


Northrup potentiometer controller. An ice cold-junction was used, 
and the nickel coil in the controller intended to compensate for tempera- 
ture changes was replaced by one of manganin. The temperature was 
kept within ±3° C. of that desired but errors of calibration and adjust- 
ment may have resulted in a rather larger error, certainly less than 
± 10° C, When the desired time of annealing had elapsed the furnace 
was opened, and the copper tube removed and rapidly plunged into a deep 
bath of water. 

During the first annealing of high-silicon alloys, particularly in the 
8 range, considerable difficulty was experienced in obtaining a uniform 
structure throughout the specimens and in duplicating the results. 
This was finally traced to oxidation of the surface of the specimens, 
accompanied by rapid diffusion of silicon from the center to the outsidi 
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to make up for the loss. Oxidation proceeded very rapidly in the carbon 
monoxide-nitrogen atmosphere produced by the use of charcoal, and 
somewhat slower in illuminating gas. It was accompanied by a deposi- 
tion of both carbon and silica on the surface of the specimen, and is 



thought to have been due to reduction of carbon monoxide by the silicon, 
the copper remaining unaffected. The rate of diffusion was so great 
that it would penetrate about in. after 3-hr. treatment at 750® C. in 
illuminating gas. Owing to the lack of a vacuum furnace, the difficulty 
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could be overcome only by using a very short time of annealing. Between 
2 and 4 hr. were given, and short though this was, it was sufficient time 
for the samples to attain equilibrium because of the high rate of difiPusion. 

The deoxidized exterior of the annealed samples could often be chipped 
off and separated from the interior. In one case the two parts were 
analyzed and found to contain 10.00 per cent, silicon in the center and 
8.64 per cent, silicon on the outside. This deep oxidized zone was found 
principally in the alloys containing 8 solid solution, and it is interesting 
to note that the analysis of the outer shell of the sample mentioned above 
corresponds exactly to the copper-rich Umit of this constituent. The 
depth of the silicon removal in the e alloys was much smaller than in the 
8 and 5 + e alloys and did not cause so much trouble. 

A summary of the microstructure observed in the annealed and 
quenched samples is given in Tables 2 and 3 and in the diagram, Fig. 7. 
It should be mentioned that ^ was never retained as a homogeneous phase 
after quenching, but it always decomposed and showed a well-defined 
eutectoid structure. The 8 solution similarly decomposed except under 
the most severe quenching. In Tables 2 and 3 and Fig. 7 such decom- 
position has been ignored and specimens showing a purely eutectoidal 
structure with no traces of hypereutectoid or hypoeutectoid constituents 
have been described as homogeneous. 


Table 2. — Microstructure of Annealed and Quenched Samples y and 

8 Ranges) 


Number 

26 

28 

30 32 

1 

18 

34 

33 

35 

37 

38 

39 

41 40 

42 

20 44 

45 

46 

49 

50 

Silicon, Per Cent. 

7.40 

7.67 

7.76 

o 

7.96 

lO 

N 

00 

o 

CO 

00 

8 38 

8.45 

90 

»o 

00* 

8 07 

8.89 

8.92 

9.00 

1 

CS 1 C9 
C 1 

p I O 

9.38 

9 42 

9.86 

03 

d 

Temp. 

°C. 

, Time, 
Hours 

' 

1 

1 1 

1 1 


i 

' 


: 1 

1 

i i : ' 

' 1 1 

820 - 

4 

X 

0 

Q 



0 






1 


1 

1 





800 

4 

X 

X 

0 

X 


X 



X 



1 0 


1 0 

0 


X 

X 

770 

4 

X 

X 


X 


1 X 



X 


0 

! 0 


o 


X 


X 

750 

2 






1 J 

X 

X 

X 

X 

0 

o o 

o 

0 o 

X 


X 

X 

730 

7 

X 

X 

X 

X 


' X ' 



X 



' o 


1 ^ 


X 

X 

X 

720 

2 





X 



o 

X 

X 


X j o 


° i 

X 




710 

4 

X 

X 

X 

X 


' X ' 



o 


o 

! X 


! ^ 


X 


X 

700 1 

2 


- 



X 


X 

o 

o 

X 

0 

X j 

X 

X 1 

X 




680« 

2 







X 

O 

o 


X 

X ; 

X 

^ 1 

X 




650« 

3 

X 

X 

X 

X 



X 

i 

o 


0 

r X 


1 



X 

X 

500“ 

13 

X 

i 

X j 

1 ^ 

1 ^ 

. 

1 

X 

1 

1 

1 

o 

1 

o 

1 o 




X 

X 1 

1 

X 


o = One phase. 

X = Two phases. 

® Cast samples annealed directly at temperatures noted, except samples marked « which were first 
annealed 2 to 4 hr. at 750° C. and slowly cooled to temperatures noted. 

A sample consisting entirely of eutectoid with no proeutectoid constituent is described as homo- 
geneous. All p samples and many 5 samples had decomposed during quenching. 
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Table 3. — Microsiruciure of Annealed and Quenched Samples (e Range) 



Number 52 

53 

55 

54 

56 

57 j 58 

5« 

60 

61 
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62 1 63 

1 

: 1 ' 1 1 

Silicon, Per Cent. 10.86 11.11 11.36,11.49 11 90 12 12 12.19 12 49jl2.69l 

13 01 

13.60 14 42 
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o » One phase. 

X = Two phases. 

• Cast samples annraled directly at temperatures noted, except samples marked <> which were first 
annealed 2 to 4 hr. at 750® C. and slowly cooled to temperatures noted. 

The Diagram 

All the points determined by thermal and microscopic means are 
assembled in Fig. 7. To avoid confusion of the points, the results of the 
microscopic examination of alloys near the junction of the y and 8 fields 
are plotted by themselves on a larger scale at the top of the figure, and 
the diagram is redrawn without the experimental points in Fig. 8. The 
various phases will be considered individually in detail. 

The Alpha Phase 

The limits of the a phase were described in the author^s previous 
paper’' and need no further comment here. 

The Beta Phase 

This constituent is formed at 852° C. by the reaction of a with 5.25 
per cent, and liquid with 7.7 per cent, silicon. Its composition at the 
triple point is 6,8 per cent, silicon, exactly as found by Sanfourche. 
This pK)int is determined as being the composition at which the 852° C. 
arrest on the thermal curves reaches its maximum intensity, and beyond 
which solidification proceeds below this temperature. 

This composition is further confirmed by the structure of samples 
with 6.81 and 6,91 per cent, silicon quenched from 845° C., the latter 
showing no proeutectoid a (see Fig. 9) and the former only a trace. At 
824 C,, when in equilibrium with 7, is saturated at 8,4 per cent, silicon, 
but the solubility for both copper and silicon decreases rapidly, until at 


cU, 
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782° C. jS with 7.75 per cent, silicon decomposes eutectoidally into 
a+ 5. This composition is confirmed by both microscopic and 
thermal means. 



No attempts were made to determine by quenching experiments the 
solidus of the ^ phase, but the termination of the arrests on the cooling 
curves show it to be of the form drawn in the diagram. 

As mentioned earlier, the phase can not be retained as a homogene- 
ous constituent even after the most rapid quenching, but it always 
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Figs, 9-14. — (Captions on opposite page.) 
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decomposes eutectoidally into ~ a + 8. The eutectoid is very finely 
divided in alloys of about the eutectoid composition, but in the case of 
alloys which only become homogeneous at high temperatures, the excess 
of a or 5 precipitated during cooling along the sloping ^ phase boundary 
results in a rather coarse structure* Figs. 9* and 10 show this well, the 
former being of saturated P (6.91 per cent, silicon) quenched from 845® C, 
and the latter of ^ of eutectoid composition (7.75 per cent, silicon) 
quenched from 800® C. The fine eutectoid is shown again at a higher 
magnification in Fig. 11. The appearance of the jS eutectoid when in 
equilibrium with a is shown in Figs. 12* and 13 and with 8 in Figs. 
14 and 15. 

The best etching reagent found for the eutectoid was a saturated 
solution of potassium bichromate in 10 per cent, sulfuric acid with the 
addition of 2 per cent, of saturated sodium chloride solution. 

The Delta Phase 

At 824® C., saturated (approximately 8.4 per cent, silicon) reacts 
with liquid and produces 8 with 8.60 per cent, silicon. This phase exists 
alone up to 9.7 per cent, silicon, beyond which point the eutectic of 8 
and e appears, melting at 820® C. The boundary of the 8 phase on the 
copper-rich side remains almost vertical until it encounters the 7 + 5 
field at 726® C., after which it rapidly changes with fall of temperature 
until at 710® C., where it decomposes to 7 + e, 5 contains 8.95 per cent, 
silicon. The solubility on the silicon-rich side varies uniformly from the 
eutectoid point to 8 saturated with 9.7 per cent, silicon at 820° C. The 
very sharp arrests on the cooling curves show that the sohdus and liquidus 
of the 5 phase are less than 2® C. apart at any point. 

The quenching experiments determined with a fair degree of accuracy 
the limits of composition of the 5 phase, but some difi&culty was experi- 
enced in determining the exact temperature of the 5 7 + € eutectoid. 

While in the 7 + 5 range the change occurred definitely at 710® C. with 
no undercooling, the arrests when e was present were very erratic and 
often appeared double after considerable undercooling. Repeat curves 
on the same ingot frequently showed totally different results. Such 
behavior is not quite concordant with the rapid rate of decomposition, 
which often prevented the retaining of microscopically homogeneous 5 
after quenching, and it was at first thought that there was another phase 
in the 5 + € area. No sign of this was observed on the microsamples, 

* Figs, 9 and 12 reproduced by kind permission of the Institute of Metals. 

Fig. 9.* — No. 93 (6.91 per cent. Si). Qiienched 845® C. p eutectoid. X 100. 
Fig. 10. — No. 30 (7.75 per cent. Si). Quenched 800° C. ^ eutectoid. X 100, 
Fig. 11. — No. 32 (7.94 per cent. Si). Quenched 820° C. ^ eutectoid. X 500. 
Fig. 12.* — No. 85 (6,11 per cent. Si). Quenched 825° C. a + j8 eutectoid. X 100. 
Fig. 13. — No. 26 (7,40 per cent. Si). Quenched 800° C. a + /8 eutectoid. X 100. 
Fig. 14. — No. 32 (7.94 per cent. Si). Quenched 800° C. 5 + ^ eutectoid. X 100, 
All specimens etched with potassium bichromate and sulfuric acid. 
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which were entirely in accord with the diagram as shown. The tempera- 
ture of 710° C. was finally adopted as that of the eutectoid, as it was at 
this temperature that the most well-defined arrests appeared. It will 
be noted in Table 2 that the microsamples quenched from 710° C. showed 
the structures to be expected in samples quenched immediately below 
this temperature. This is thought to have been due to a slight inaccu- 
racy of the pyrometer controlling the anneal. 

The d phase, similar to could not always be retained as a homogene- 
ous phase at room temperature. Small rapidly quenched samples often 
appeared partly homogeneous, particularly on quenching from a point 
well within the 8 area, but decomposition usually occurred under normal 
conditions. The decomposed samples were sometimes acicular and some- 
times finely granular in appearance. Both forms of decomposition, 
somewhat reminiscent of martensite and sorbite in steels, are shown in 
Fig. 17, while Fig. 16 shows an undecomposed area in a sample quenched 
from a higher temperature. The acicular eutectoid structure always 
appeared in samples containing y, but the sorbitic type was more common 
in alloys consisting of pure 5, particularly those of about eutectoid com- 
position. Fig. 18 shows partly decomposed 8 in conjunction with a and 
Fig. 19 is of an alloy with 9.85 per cent, silicon quenched from 770° C., 
consisting of 5, which shows slight decomposition, and e. 

The best etching reagent for the 8 alloys was found to be a 20 per cent, 
solution of ferric chloride in 1-4 hydrochloric acid. This reagent worked 
extremely well and a deep etch could be given in order to remove polishing 
scratches without destroying the sharpness of the structure. 

The Gamma Phase 

The 7 phase is formed at 726° C. by a ^^peritectoid” reaction between 
8 and a. On cooling curves the reaction often showed undercooling but 
by very slow cooling the temperatures became more constant and repro- 
ducible. The temperature was given in the author's paper® on the a 
phase boundary as 721° C., but further work on the alloys near the pure 
7 field have shown that 726° C. is more nearly the correct temperature. 


® Loc. at 


Fig. 15. — No. 37 (8.45 per cent. Si). Quenched 800® C. 5 + eutectoid. 
Etched K 2 CR 2 O 7 + H 2 SO 4 . X 100. 

Fig. 16. — No. 20 (9.09 per cent. Si). Quenched 750° C. Homogeneous 5. 
Etched K 2 CR 2 O 7 + H 2 SO 4 . X 100. 

Fig. 17. — No. 41 (8.89 per cent. Si). Quenched 750° C. Decomposing 5. 
Etched FeCls. X 100. 

Fig. 18. — No. 35 (8.38 per cent. Si). Quenched 750° C. a + decomposing 5. 
Etched FeCls. X 100. 

Fig. 19.— No. 49 (9.85 per cent. Si). Quenched 770° C. € + decomposing d : 
Etched FeCls. X 100. 

Fig. 20. — No. 35 (8.38 per cent. Si). Quenched 700° C. Homogeneous 7. 
Etched K 2 CR 2 O 7 + H 2 SO 4 - X 100. 
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At the triple point 7 contains 8.35 per cent, silicon, which is the composi- 
tion of the copper-saturated phase at all temperatures. On the silicon- 
rich side, 7 rapidly dissolves silicon between 726° and 710° C. and more 
slowly after this as the temperature falls. These points were fixed with 
little doubt by the quenching experiments. 

Under the microscope, 7 is in appearance very similar to 5, although, 
of course, it never shows eutectoidal decomposition. It can be etched 
by either ferric < 5 hloride or potassium bichromate with about equally 
good results. Iq* the pure state it is shown in Fig. 20, which is of any 
alloy with 8.38 per cent, silicon annealed at 700° C. This should be 
compared with Pig. 18, which is of the same alloy after quenching from 
the a + 8 range, (750° C.). Fig. 21 shows 7 in equilibrium with a at 
720° C., and Figs. 22 and 23 show 7 with the 8 eutectoid at the same 
temperature. Figs. 24 and 25 show precipitation of e at 680° and 700° C. 
in an alloy with 8.89 per cent, silicon, which becomes homogeneous 7 at 
lower temperatures and homogeneous 8 at higher temperatures. Fig. 
24 shows the sample after slowly cooling from 750° C. to 680° C. and 
quenching after 2 hr. at this temperature. It shows the remains of the 
5 — > 7 + € eutectoid coarsely spheroidized. Fig. 25 is the same alloy, ' 
previously homogeneous 7 , reheated at 700° C. for 1 hr. The eutectoid 
point was not passed, and the e has been thrown out of solution along 
the crystallographic planes. Fig. 26 is of an alloy containing 9.38 per 
cent, silicon quenched from the middle of the 7 + e range and shows the 
characteristic rounded form of €, while Fig. 27 is an alloy with 11.49 per 
cent, silicon annealed at 400° C. and shows 7 in conjunction with e'. 

The Epsilon Phase 

Cooling curves show that 8 forms a eutectic with the next phase e, 
at 820° C. and 9.9 per cent, silicon. The melting point of the eutectic 
differs but slightly from that of 8, but beyond the eutectic point the 
liquidus rises to a flat maximum at 859° C. and 12.3 per cent, silicon, 
corresponding to the melting of the e phase, which also forms a eutectic 
with silicon. Small arrests due to the e-silicon eutectic were observed 
on cooling curves of alloys with 12.49 per cent, and 12.69 per cent, silicon, 
but annealing experiments showed that the solubility at the eutectic 
temperature was more than this and became even greater at slightly 

Fig. 21. — No. 33 (8.30 per cent. Si). Quenched 720° C. a -h t- X 100. 

Fig. 22. — No. 37 (8.45 per cent. Si). Quenched 720° C. 7 + decomposed 5. 
X 100. 

Fig. 23. — No. 39 (8.67 per cent. Si). Quenched 720° C. 7 -h decomposed 5. 
X 100. 

Fig. 24. — No. 41 (8.89 per cent. Si). Slowly cooled 750° C. to 680° C. 
Quenched 680° C. 7 -f- e. X 100. 

Fig. 25- — No. 41 (8.89 per cent. Si). Quenched 700° C. 7 + e. X 100. 

Fig. 26. — No. 45 (9.38 per cent. Si). Quenched 680° C. 7 + e- X 100. 

All specimens etched with ferric chloride. 
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lower temperatures. The solubility on the copper-rich side is also 
greater than that shown by the cooling curves but it rapidly decreases 
as the temperature falls. This can be seen by comparing Figs. 28 and 
29. The former is of an alloy with 11.11 per cent, silicon quenched 
from 807° C. and shows e with a little 5, and the latter figure is of an 
alloy with more silicon (11.90 per cent.) quenched from 790° C., and shows 
a much larger quantity of 8, precipitated throughout the grains. 

Sanfourche’s observation of a polymorphic change in e is confirmed, 
although the temperatures seem to be lower than this observer found. 
On the copper-rich side the change occurs at 620° C., and on the sihcon- 
rich side, 558° C. The heat effect accompanying the change is very 
small but the arrests were nevertheless quite well defined and showed 
only slight undercooling. On the silicon side, the arrests were often 
double, both on heating and cooKng, but the effect became less on anneal- 
ing and recooling the ingots, and was probably due to segregation. 

Annealing experiments were not carried out at very close intervals 
of temperature below 750° C., but it seems a fairly safe assumption that 
the change in solubility from 13.0 to 12.8 per cent, silicon found between 
600° C. and 500° C. should take place at the temperature of the poly- 
morphic change as shown in the diagram, rather than progressively 
throughout this range. There is no similar change in composition on the 
copper-rich side of €, where the phase boundary slopes slightly but uni- 
formly to the left up to 750° C., after which it commences to slope more 
sharply until at the eutectic temperature e contains 11.2 per cent, silicon. 

The 6 alloys when freshly polished were white in color but they rapidly 
tarnished on exposure to the air of the laboratory, particularly if they 
had not been etched to remove the surface film due to polishing. The bi- 
chromate etch was not very satisfactory on the samples in this range, 
but the acid ferric chloride solution mentioned gave excellent results. 
When a deep etch was used, faint striae were developed in the e grains, 
giving clear distinction between differently oriented crystals. These 
markings were absent from e' samples, however deeply etched. Atmos- 
pheric tarnishing was found to be very convenient for distinguishing e in 
the presence of 8 or y, but it was generally not suitable for photography 
on account of its irregularity of action. Fig. 29 is of a sample etched in 

Fig. 27. — No. 54 (11.49 per cent. Si). Quenched 400° C. t + c"- Etched 
FeCls. X 100. 

Fig. 28. — No. 53 (11.11 per cent. Si), Quenched 807° C. € + 5. Etched 
FeCls. X 100. 

Fig. 29. — No. 55 (11.36 per cent. Si). Quenched 790° C. e -h 5. Atmospheric 
etch. X 50. 

Fig. 30. — No. 56 (11.90 per cent. Si). Quenched 807° C. Homogeneous e. 
Etched FeCls. X 100. 

Fig. 31. — No." 61 (13.01 per cent. Si). Quenched 700° C. Homogeneous e . 
Etched FeCls. X 100. 

Fig. 32. — No. 58 (12.19 per cent. Si). Quenched 400° C. Homogeneous e'. 
Etched FeCls. X 100. 
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air in this manner. The dark areas are e and the light are S. The stain- 
ing effect was apparently dependent on the orientation of the crystals, 
especially with the copper-saturated e alloys, in which some grains would 
become dark after a few minutes and others would remain perfectly 
white after exposure to the atmosphere for several days. The alloys 
with excess silicon darkened more uniformly. 

The structure of homogeneous « is shown in Figs. 30 and 31. The 
samples were etched with ferric chloride, and the faint striae will be 
noticed. The striae are absent from Fig. 32, which is of «' etched in the 
same way. e or e' is to be seen in equilibrium with 5 or 7 in Figs. 24 to 
29, and in Figs. 33 to 38 with silicon. Fig. 33, showing «' -|- silicon, 
should be compared with Fig. 31, which is of the same alloy after quench- 
ing from a higher temperature at which it was homogeneous e. 

Corson stated that the e phase (which he erroneously supposed to be 
CusSi) is unstable at temperatures much below that at which it solidifies, 
and supposed it to decompose rapidly into silicon and CusSi (correspond- 
ing to the author’s 7). In no ease has any structure similar to that found 
by Corson been obtained, and there is no evidence whatever to indicate 
that e decomposes other than to form e' with a slight precipitation of 
silicon. This precipitation is readily preventable by quenching and is 
quite different from that observed by Corson. 

Epsilon-silicon Eutectic 

Rudolfi found a eutectic at 800° C. and 17.4 per cent, silicon between 
CusSi (e) and silicon, but Sanfourche found a series of alloys between 
15.7 and 16.4 per cent, silicon all melting between 801° and 802° C., and 
suggested the formation of a solid solution decomposing at lower tempera- 
tures to 5 (e) and silicon. In the present work the liquidus branches 
drawn through the points determined by cooling curves intersect the 
eutectic horizontal exactly at a point. Furthermore, there is no observ- 
able difference between the temperature of the eutectic on each side of 
this point, and it can only be assumed that Sanfourche was in error. 

Fig. 33. — No. 61 (13.01 per cent. Si). Quenched 400° C. e' -|- Si. X 100. 

Fig. 34. — No. 63 (14.42 per cent. Si). Quenched 650° C. 6 + Si. X 100. 

Fig. 35. — No. 66 (15.77 per cent. Si). Chill cast, e + e-Si eutectic. X 100. 

Fig. 36. — No. 68 (16.85 per cent. Si). Chill cast. «-Si eutectic. X 100. 

Fig. 37. — No. 71 (18.44 per cent. Si). Chill cast. Si 4- t-Si eutectic. 
XIOO. 

Fig. 38. — No. 102 (95.61 per cent. Si, 4.39 per cent. Cu). Slowly cooled. 
Si -|- e-Si eutectic. X 100. 

All specimens etched with ferric chloride. 
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The niicrost met lire of cast and annealed alloys in this range also 
confirms the existence of the eutectic. Furthermore, alloys with more 
than 13 per cent, silicon after annealing at suitable temperatures consist 
of easily recognizable silicon in conjunction with e (see Fig. 34). The 
stmeture of the chill-cast eutectic alloy is shown clearly in Fig. 36, while 
Fig. 35 shows primary e and eutectic, and Fig. 37 shows primary silicon 
and eutectic. 

Sanfourche mentioned that his alloys with more than 12 per cent, 
silicon disintegrated on standing at room temperature for a few months. 
This action was greatest with eutectic alloys, which crumbled to dust, 
and Sanfourche supposed it to be due to a slow transformation. The 
present author has had alloys of every composition lying around the 
laboratory for a period of over 6 months and in no case has any more than 
a heavy surface discoloration been observed.® It seems probable that 
Sanfourche’s alloys contained impurities which accelerated inter- 
granular corrosion. 

Silicon 

No cooling curves or annealing experiments were made on alloys with 
more than 20 per cent, silicon. In all alloys with more than* 16 per cent, 
silicon, free silicon was visible, easily recognizable by its crystal form and 
its characteristic blue color (Fig. 37) and it is certain that the liquidus 
slopes smoothly from the eutectic point to pure silicon melting at 1420° C. 

To determine whether there is a large solubility of copper in silicon, 
a single alloy of silicon with 4.39 per cent, copper was melted and allowed 
to cool slowly in a crucible from the liquid state. On examination imder 
the microscope, this alloy was found to be quite free from coring and to 
contain appreciable quantities of eutectic. The solubility of copper in 
silicon is therefore less than this amount, although some of the € might 
have been dissolved had the sample been annealed. Fig. 38 shows the 
structure of the sample. 

Comparison with Previous Work — Nomenclature 

The general form of the present diagram is similar to that drawn by 
Sanfourche, although it is simpler ^ that the j8', 7' and e phases of this 
investigator are omitted, § is shown to form a eutectoid and the limits 
of the a, 7 and 5 phases are extended considerably. 

Except for the sloping a phase boundary up to 782° C. the new 
diagram bears very little resemblance to the diagram proposed by Corson. 

® Note added April, 1929. — After a further 12 months’ exposure to the atmosphere, 
an alloy with 17 per cent, silicon has partly crumbled and one with 28 per cent, has 
fallen completely to powder. All the alloys with less than 16 per cent, silicon, 
i. e., those containing no primary silicon, seem to be quite stable, although heav- 
ily tarnished. 
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Previous investigators have all attempted to assign formulas of 
chemical compounds to the various phases. Rudolfi suggested CusSi 
and Cui 9 Si 4 , Sanfourche Cui 3 Si 4 , and Corson the simple CusSi and CusSi. 
With the exception of the 7 phase, which corresponds approximately to 
CugSi, the composition of the phases determined by the present work does 
not fit in with any of these compounds, or with any other simple formula. 
The various phases have therefore been considered as solid solutions, 
and entirely renamed with the Greek alphabet in the order of their first 
appearance in the pure state. 

The change at 620° to 558° C. in the e phase has been considered a 
polymorphic one, as the change in composition is small, and the lower 
temperature phase called e'. The change of 5 to 7 at 726° to 710° C. is 
also rather suggestive of a polymorphic transformation, but the two 
phases have been called 8 and 7 , rather than 7 and 7 ^, partly to avoid the 
confusion which is apt to exist between such names, and partly because 
the difference in composition is perhaps more than could be associated 
with a change of purely polymorphic nature. 

Summary 

The diagram, Fig. 8 , in which the most important temperatures and 
compositions have been marked, is itself a complete summary of all the 
work described herein, but for convenience the various horizontal lines 
are listed in Table 4, with the composition of the various phases. 


Table 4. — Composition of Various Phases of Fig, 8 


Tempera-ttirb ® C. 


Eeactino Fha^ses 


852 

824 

820 

802 

782 

726 

710 

620 

558 


a (5.25%) + Hquid (7.7%) p (6.8%) 

^ (8.4%) + liquid (8.9%) 8 (8.6%) 

Hquid (9.9%) 8 (9.7%) + e (11.2%) 

Hquid (16.0%) e (12.8%) + Si 

^ (7.75%) -> a (6.7%) + 8 (8.60%) 
a (6.7%) + 8 (8.65%) 7 (8.35%) 

8 (8.95%) 7 (8.60%) + € (11.7%) 

6(11.75%) -»6' (11.75%) 
€(13.0%)->6' (12.8%) +Si 
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DISCUSSION 

C. H, Eldeidge, Detroit, Mich, (written discussion). — Some years ago, from 1918- 
21, the Chile Exploration Co. of New York City originated a comprehensive research 
to find an insoluble anode to be used at Chuquicamata, Chile. This investigation 
was conducted by C. G. Fink, director of the company’s New York laboratories. 
I worked upon this problem under Dr. Fink, and we covered very thoroughly all 
the binary silicon alloys. Copper-silicon was the first to be investigated, and although 
the simple alloy was unsuitable, a complex copper-silicon alloy (18 per cent. Si) with 
tin and lead, proved successful and is now used on a large scale at Chuquicamata. 
A paper by C. W. Eiehrodt describes in detail the success of this anode. 

Fig 39 shows corrosion loss and voltage of the copper-silicon series. The 
lowest loss was with 20 per cent. Si. Mr. Smith's Fig. 37 showed the typical 
structure. This point consists of crystals of primary" silicon in the eutectic e-Si. 


Fig 



Percentage of Silicon bj Weighf 

39. — Corrosion loss and voltage of copper-silicon series. 


M. G. Corson, New York, N. Y. (written discussion). — Mr. Smith says that 
I peremptorily discarded all previous work as incorrect and suggested a diagram 
which is very simple, although it does not explain the very marked cooling curve 
arrests found by the previous workers. He also states that I did not give any experi- 
mental details whatever. I presented at the Institute’s meeting of February, 1927, 
a paper that described three binary and four ternary systems of copper alloys, of 
which a sjmopsis is given on page 435 of the Proceedings of the Institute of Metals 
Division, 1927. The experimental data concerning copper-silicon alloys which were 
omitted from that paper on account of lack of space in the volume will be published 
shortly in a European paper. However, Mr. Smith himself did not introduce any 
considerable changes in my interpretation of the a range. I believe that the fact that 
his own investigation resulted in corroborating my diagram in its a part should 
have convinced Mr. Smith that my interpretation of the diagram had experi- 
mental foundation. 

C. W. Eiehrodt: The Electrolytic Tank House, Chile Exploration Co., Chu- 
quicamata, Chile. Trans. Amer, Electrochem. Soc. (1924) 45. 
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I made up four alloys containing 7.2, 7 5, 7.8 and 8.1 per cent, silicon, respectively. 
These were cast in round cj^lindrical chunks about 200 g. each, with a hole through the 
center. These chunks were paired with an analogous piece of an alloy containing 3 
per cent, silicon and consequently belonging to the a range. In each case the pair 
was homogenized and heated to 800® in a horizontal tube furnace. A thermocouple 
was introduced inside each chunk and the temperatures recorded simultaneously 
both during the heating and cooling. In no case was I able to trace a sharp change 
in the difference of the temperatures of the two chunks that might indicate any iso- 
thermic transformation. That is why I felt it necessary to discard the eutectoid 
isotherm for the /S phase. Two experiments in which I tried to detect isothermic 
transformation by observing discontinuities in the thermoelectric force generated 
between a cast rod of a high-silicon alloy and another of a 3 per cent, silicon bronze 
also failed to produce evidence of such transformation. 

Still, I am prepared to grant that a eutectoidal breakdown of the jS into a plus 5 
at 780°, followed by a partial recombination into a plus y at 720® might correspond 
to the true nature of the alloys, even though I do not believe much in such complicated 
processes. I will only stress the results of my examination with the aid of the micro- 
scope which showed me clearly that this y phase has for its high copper limit the 
composition of 91.9 per cent, copper corresponding to the CusSi compound. I 
believe this compound to be able to absorb a slight excess of silicon and to represent 
the true base of the y phase. Mr. Smith puts this limit at 91.65 per cent. Cu, and 
this does not differ greatly from the results of my determination. 

Finally, about the phase e, which includes the composition corresponding to the 
compound CusSi and which, according to Mr. Smith, suffers a slight transformation 
between 620° and 558°, the result of which is a slight decrease of the solubility of 
silicon in this phase. This interpretation does not explain why this phase is so subject 
to corrosion instead of forming one of the most corrosion-resistant materials. My 
own examination of an alloy in this range, as shown in Figs. 13 and 14 of my paper, 
convinced me that this phase suffers a much more profound transformation, possibly 
a eutectoidal breakdown. This eutectoidal transformation cannot be made visible 
when iron chloride etch is used; only a careful application of Vilella's reagent will 
bring it out. 

C. S. Smith (written discussion). — It is much to be regretted that Mr, Corson^s 
paper did not give more complete experimental details, since the possible accuracy 
of any diagram can only be predicted from the number of points determined. More- 
over, it is quite possible even for an experienced worker to misinterpret his experi- 
mental facts, but if these are listed subsequent investigators can determine whether 
the facts themselves agree with their own results and theories. 

The sudden reversal in direction of the a phase boundary above 780° C, is so 
great that I was surprised that Mr. Corson did not observe it, and I could not do 
other than suppose his experimental points were rather widely spaced, even though 
his results at lower temperatures are in fair agreement with my own. 

As far as the ^ eutectoidal change is concerned, it is strange that Mr. Corson’s 
cooling curves did not show this, especially as all other workers have detected a 
change of considerable magnitude at this point. My own work showed this arrest 
in alloys containing between 6.0 and 8.5 per cent, silicon, the duration of the arrest 
increasing as the silicon increased up to about 7.8 per cent, and then decreasing 
rapidly, to disappear at 8.6 per cent. The two cooling curves reproduced in Fig. 40 
show the arrest to be quite unmistak:able. 

As Mr. Corson points out, the y solid solution can be regarded as the compound 
CusSi capable of dissolving excess silicon. I had not assigned the compound formula 
to this constituent, since it is my personal opinion that a constituent should be 
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regarded as a compound only when a negligibly small range of solubility exists. The 
fact that a simple atomic ratio usually exists in intermediate solid solutions is due only 
to the geometrical requirements of the space lattice, and, while I am aware that many 
well-known metallurgists will not agree with me, I prefer to regard a constituent as an 
intermetallic compound only when the lattice is so rigid that no solute atoms can enter 
into it. 



■ Fig. 40.-- Inverse rate cooling curves of two jS copper-silicon alloys. 

As regards the € phase, I can only repeat that my alloys, whatever the etching 
reagent used, were homogeneous. I still feel that Figs. 30, 31 and 32 in my paper 
represent the true structure of the alloys, rather than Figs. 13 and 14 in Mr. Corson's 
paper. It seems fairly certain that a eutectoidal change of the nature suggested by 
Mr. Corson would be indicated as an unmistakable arrest at constant temperature 
in the cooling curves. 

It does not seem to me to be necessary'to assume that copper-silicon alloys should 
be strongly resistant to corrosion just because iron-silicon or nickel-silicon alloys are. 

I will await with interest the publication of Mr. Corson's European paper with the 
full experimental details. 



A.bsorbability of Gases in Casting Copper and Effect of 
Adding Cuprosilicon 

By O. W. Ellis,* East Pittsburgh, Pa. 

(Philadelphia Meeting, October, 1928) 

The question of the influence of gases upon the properties of copper 
has received the attention of a number of investigators, among whom 
SievertSy^ Iwas^,^ Lobley and Jepson^ stand preeminent. 

Solubility op Gases in Copper 

Sieverts and Iwas6 concerned themselves with the solubility of a 
variety of gases in the metal in the solid and liquid states. They deter- 
mined the absorption coefficients of these gases and in all cases found a 
sharp change in solubility at the melting point of the metal. In this 
respect they disagree with Lobley and Jepson, who have based their 
opinions upon the appearance of small ingots of the metal which had 
been fused in an atmosphere of one or other of three gases and had then 
been rapidly cooled, while surrounded by gas, to the freezing point 
(rate — possibly 30° to 60° C. per sec*). The ingots that had been 
fused and cooled under nitrogen and carbon monoxide were free from 
blowholes and it was assumed that these gases were not absorbed in 
amounts much in excess of those which would dissolve in the solid metal; 
the ingots similarly treated under hydrogen were full of blowholes and it 
was assumed in this case that gas was ejected on solidification of the 
copper. The effect of varying the rate of freezing upon the character 
of the test ingots was not examined by these investigators; otherwise, it 
is felt, their views might have been subject to modification. 

Sieverts^ most important contribution is that the solubility of a gas 
in any metal is proportional to the square root of its pressure or con- 
centration. Knowing then the absorption coefficients of the various 
gases in copper, it should be possible to determine the analysis of the 


* Metallurgical Engineer, Research Dept., Westinghouse Elec. & Mfg. Co, 

1 A. Sieverts: Zur Kenntnis der Okklusion und Diffusion von Gasen durch Metalle. 
Ztsch, phys. Chem. (1907) 60, 129. 

2 K. Iwas6: Occlusion of Gases by Metals and Alloys in Liquid and Solid States. 
Bd. Repts. Tohoku Imp. Univ. [1] (1926) 16, 531. 

® A. G. Lobley and D. Jepson: Influence of Gases on Copper at High Temper- 
atures. JTih Inst. Met. (1926) 35, 213. 
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gaseous mixture dissolved in molten copper at any temperature, the 
copper being in equilibrium with an atmosphere of known composition. 

The absorption coefficients of carbon monoxide, carbon dioxide, 
hydrogen and nitrogen are shown in Fig. 1, which is based on the work 
of Iwas4. 



500 600 TOO 800 900 »000 1100 1200 • 1300 

Tcmpera+urc,“C. 

Fig. 1. — Absorption coeppicients op carbon monoxide, carbon dioxide, hydrogen 
AND NITROGEN. (AfTBR IWASt ,) 

Solubility of Water Vapor in Copper 

Unfortunately, the information given in Fig. 1 is incomplete, since 
values for the absorption coefficients of one of the most ubiquitous 
gases — water vapor — are absent from the diagram. In an endeavor to 
obtain some idea of the solubility of water vapor in copper, the author 



Fig. 2. — Arrangement op furnace. 

performed a very rough experiment, which showed this to be relatively 
high. Copper was heated, melted, solidified and cooled in an atmosphere 
of water vapor. The maximum temperature reached was about 1300'' 
C., which was maintained for 20 min. The metal was allowed, after 
fusion, to cool to a temperature of 500° C., when it was removed from 
the furnace and immersed in alcohol to prevent surface oxidation. The 



O. W. ELLIS 


445 


cooling from 1300^^ to 500° C. occupied about one hour. The arrange- 
ment of the furnace in which the fusion took place is shown in Fig. 2. 

Analysis of the ingot showed it to contain 144.9 per cent, of water 
vapor, 49.2 per cent, of carbon dioxide, 9.7 per cent, of carbon monoxide 
and 5.4 per cent, of hydrogen, these percentages being in terms of the 
volume of the copper.'* The ingot was full of blowholes. It is almost 
certain that the carbon monoxide and dioxide resulted from reaction of 
the water vapor with the graphite plug which was used to seal one end 
of the furnace, since the metal used had been fused in vacuo before it 
was introduced into the furnace. The copper was free from cuprous 
oxide before melting but after melting was found Ijo contain oxygen in 
this form. This oxygen no doubt originated from the dissociation of 
water vapor ( 2 H 2 O = 2 H 2 + O 2 ), the hydrogen entering the metal as 
gas and the oxygen uniting with copper to form cuprous oxide, since no 
oxygen as gas was found in the copper. 


Application op Sieverts’ Law to Practice 

Even though the absorption coefficients of all the important gases 
in copper were known it would be impossible to apply Sieverts^ law to 
practice, save with the view of determining the trend of reaction. On 
the one hand, equilibrium is rarely approached in such furnaces as are 
in use today or as are likely to find employment in the near future in 
foundries. On the other hand, the law cannot tell us what will be the 
gas content in metal which has been poured from the furnace into 
molds, since the solubility of gases in the solid metal differs materially 
from their solubility in the melt, despite the apparent contradiction 
presented in the work of Lobley and Jepson. And again, both the 
composition and the amount of the gaseous mixture retained in solid 
copper is dependent on such factors, for example, as the rate of cooling 
of the metal and the freedom of the copper from cuprous oxide. 

Experiments of the Present Investigation 

In the author’s work copper was melted in the foundry under con- 
trolled conditions. Two groups of experiments were performed. In 
the first (experiments I to IV) the metal was melted in an electric furnace 
of the indirect arc type; in the second (experiment V) it was fused in an 
oil-fired furnace of the open-flame barrel type. From the metal small 
castings were poured, which were (1) examined microscopically, (2) 
analyzed chemically, and (3) examined for gases. 

^ All gas volumes mentioned in this article are based on the conditions 1 atm. and 
20° C. 
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Experiment I 

The sequence of operations in this experiment was as follows: 

a. 250 lb. of scrap copper was raised in temperature to 1250° C. 

b. Air was blown through the melt for 20 minutes. 

c. The copper was partially skimmed, but not wholly freed from 

its supernatant layer of slag. 

d. Metal was poured as follows: 

1. Direct from the furnace into a small graphite mold 3 in. deep, 
2 in. dia. at the top and 1^4 dia. at the bottom. The 
ingot (No. 1) occupied only about one-half of the mold, the 
upper part of the mold being filled with slag. The ingot was 
completely enveloped in slag and showed no evidence of 
unsoundness. The chilling effect of the graphite mold may 
have accounted for the soundness of the ingot. . 

2. Direct from the furnace into a large iron ladle and thence into 
a small graphite mold of the dimensions given. The ingot 
(No. 2) occupied the entire mold, which contained little, if 
any, slag. The copper was in direct contact with the mold. 
The ingot showed no evidence of unsoundness. 

3. Direct from the furnace into a 250-lb. ladle. The metal in the 
ladle was covered with a heavy layer of slag. Over this a 
layer of charcoal (briquettes about in. dia.) was spread. 
The metal was carried to the molding table and four test ingots 
were teemed in sand; the first (No. 3) direct from the ladle 
without any stirring of the melt, the second (No. 4) after 
adding about 18 oz. of silicon-copper to the melt and thoroughly 
stirring in, the third (No. 5) after adding a further 18 oz. of 
silicon-copper and thoroughly stirring it into the melt, and the 
fourth (No, 6) after again adding 18 oz. of silicon-copper and 
thoroughly stirring it into the melt. These ingots were about 
'3 in. long and 1 in. dia. They were invariably unsound. 

4. The remaining metal was poured into chills. 

Experiment II 

In this experiment 256 lb. of scrap copper was charged. No charcoal 
was introduced with the metal, nor was any attempt made to exclude 
air from the interior of the furnace. The metal was first teemed into 
a ladle, was then covered with a layer of charcoal and was finally carried 
to the molding table, where six sand ingots (No. 7 to No. 12) were poured. 
The first ingot was poured direct from the ladle into the mold, no silicon- 
copper having been added to the melt. The other ingots were poured 
after successive additions of silicon-copper had been made, as shown 
in Table 1. 
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Table 1. — Amounts of Silicon-copper in Ingots 7 to 12 


Casting 

Amount of Silicon-copper Added, Oz. 

Individual 

Total 

1 

7 

nil 

nil 

8 

9 

9 

9 

9 i 

18 

10 

18 

36 

11 

9 

45 

12 

9 

54 


All the ingots (3 in. long by 1 in. dia.) showed signs of spewing. 
The metal, after pouring casting No. 12, was sluggish and was poured 
into chills. 

Experiment III 

This experiment consisted of a series of three runs during which no 
attempt was made to render the furnace airtight, and in which no 
charcoal was introduced with the charge. In the first run 200 lb. of 
scrap copper was charged with 56 lb. of oxidized copper (approximately 
0.14 per cent, oxygen). In the second run 228 lb. of scrap copper was 
charged with 28 lb. of oxidized copper. In the third run, 256 lb. of 
scrap copper alone was charged. 

In each case the metal (ingots 13 to 15) was teemed into a ladle 
containing charcoal and thence into graphite molds of the type already 
described. No silicon-copper was added to the metal before pouring, 
nor was the metal found to be of use in the manufacture of castings, since 
spewing could not be prevented by reasonable additions of silicon-copper. 

Experiment IV 

In this experiment 256 lb. of scrap copper and IJ^ lb. of charcoal 
was charged. Every precaution was taken to prevent' access of air to 
the interior of the furnace during fusion and superheating of the charge. 
At the end of the run, a sample of metal was poured into a graphite 
mold (ingot No. 16). The residue of the metal was then teemed into a 
ladle, from which three ingots were poured in sand. The metal in the 
ladle was covered with a layer of charcoal. 

The first ingot (No. 17), which was poured from the ladle before any 
silicon had been added, was unsound. The second ingot (No. 18), 
poured after 9 oz. of silicon-copper had been thoroughly incorporated 
in the melt, also showed evidence of spewing. The third ingot (No. 19), 
poured after a further addition of 9 oz". of silicon-copper, showed no 
signs of spewing and was found to be quite sound. The metal remaining 
in the ladle was used successfully in the manufacture of castings. 
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Experiment V 

A series of three runs constituted this experiment, which was conducted 
in an oil-fired furnace of the type already described. The approximate 
analysis of the gases in the furnace at the time of making these experi- 
ments was: carbon dioxide, 4.0; oxygen, 0.35; hydrogen, 14.5; carbon 
monoxide, 13.5; methane, 0.35; nitrogen, 67.5 per cent. 

The charges involved in this experiment were as follows : 

1. 710 lb. of copi>er wire bar (relatively free from oxide — ingot 20). 

2. 710 lb. of scrap copper (relatively free from oxide — ingot 21). 

3. 400 Ib. of oxidized copper (c. 0.14 per cent. O 2 ) and 241 lb. of wire 
bar (ingot 22). 


Results op Experiments 
Metallographic Examination 

From each of the ingots (No. 1 to No. 22) samples were taken for 
microscopic examination and planimetric measurements were made on 
all the samples which showed a hypoeutectic cuprous oxide-copper 
structure. Such measurements cannot be made successfully on hyper- 
eutectic alloys; first, on accoimt of the difficulty of measuring the areas 
occupied by the primary cuprous oxide; and second, because of the uneven 
distribution of the primary constituent throughout the ingot. Photo- 
micrographs were taken of practically all the samples that contained 
cuprous oxide in their microstructure. 

Experiment I . — Photomicrographs (100 dia.) of the unetched structure 
of ingots 3, 4 and 5 are shown in Figs. 3, 4 and 5. These cannot be looked 
upon as representing the structures of the ingots as a whole, since marked 
segregation of cuprous oxide occurred in all cases. Planimetric measure- 
ments were not made on these samples, nor on the sample taken from 
ingot 6, which had essentially the same structure as that of ingot 5. 
One important thing brought out by the microscopic examination of 
th^ samples was that the addition of silicon-copper to the melt clearly 
resulted in a reduction of its content of cuprous oxide. 

Experiment 11 . — Photomicrographs (100 dia.) of the unetched struc- 
tures of ingots 7 to 12 are shown in Figs. 6 to 11. Planimetric measure- 
ments of the proportions of primary copper and of eutectic were made on 
all these samples, an average of three measurements of the areas occupied 
by these constituents being struck in each case. Ingot 7 was character- 
ized by an almost completely eutectiferous structure. It being assumed 
that the eutectic of copper and cuprous oxide contained 0.36 per cent, of 
oxygen, the estimated values for the oxygen content of the ingots shown in 
Table 2 were obtained. The values quoted in the fourth column of the 
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Figs. 3-8. — Structure of ingots. Unetched. X 100. 
Fig. 3.— Ingot 3. Fig. 6.— Ingot 7, 

Fig. 4. — Ingot 4. Fig. 7. — Ingot 8. 

Fig. 5. — Ingot 5. Fig. 8.. — Ingot 9. 









Figs. 9~14.=^STRuca?UREroi‘. ingots, . Unetched. X 100. 
Fig. 9-~Ing6t iO. Fig. 12. — Ingot 13 

Fig.- 10.— Ingot I'l. Fig. 13.— Ingot 14 

Fig:. 11^-^-}nGot.'I2. Fig. 14. — Ingot 15 
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Table 2. — Oxygen Content of Ingots 7 to 12 


Ingot 

Silicon'.copper 

Added (Total) 
Oxinces 

j Oxygen Content 

Estimated 

Plammetncally 

Calculated 

I from Equation 

7 

nil 

0.36 

0.36 

8 

9 

0.33 

0 33 

9 

18 

0.31 

0 31 

10 

36 

0 29 

0 25 

11 

45 

0 24 

0.22 

12 

54 

0 18 

0 19 


table were obtained by subtracting from the first figure, 0.36, the 
amounts of oxygen that would have been removed from the melt had 
the silicon added to the copper acted in full accord with the equation: 
2 CU 2 O “b Si = Si02 “H 4 Cu 

It will be seen that the silicon has been completely effective in this regard, 
since the slight differences between the estimated and the calculated 



Fig. 15. — Steucture op ingot 16. Unetchei>. X 100. 

contents of oxygen which are recorded may be assumed to be due to 
unavoidable experimental errors. 

Experiment III , — Photomicrographs of samples from ingots 13, 14 
and 15 are shown in Figs. 12 to 14. These make it clear that the amount 
of cuprous oxide in the copper subsequent to melting depended not only 
on the oxygen which was absorbed during the fusion and superheating of 
the metal, but also on the amount of oxygen which was in the 
metal charged. 

Experiment IV , — The structure of ingot No. 16 is shown in Fig. 15, 
which emphasizes the. almost complete absence- of cuprous oxide from 
metal melted in the electric furnace under reducing conditions. 
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Experiment V—'So photomicrographs of ingots 20 to 22 have been 
reproduced, since their structure was practically indistinguishable from 
that shown in Fig. 15. 


Chemical Analyses of Ingots 

Analyses of the ingots poured were made with the results shown in 
Tables 3, 4 and 5. 

The Gases in Copper 

The ingots, after removal of the metallographic and chemical samples, 
were thoroughly cleaned and were then fused in vacuo in a bell-jar furnace 
of the type described by Brace and Zeigler.^ The gases extracted from 
the castings were analyzed in the manner also described in the above 
paper. The results of these analyses are dealt with in order below: 

Experiment I —Metal Fused in Electric Furnace under Oxidizing Condi- 
tions — Air Blown through Melt for 20 Minutes 

In Table 6 the gases extracted from the ingots poured in this experi- 
ment are tabulated in order of their solubilities in liquid copper at its 
freezing point (see Fig. 1). There is also quoted the weight of carbon 
that is present in combination with oxygen in the form of carbon mon- 
oxide and dioxide, since this factor appears to be of some importance. 
No attempt was made to estimate the content of sulfur dioxide. 

The outstanding feature of these analyses as a whole is the large 
volume of gas that has been occluded in the metal. This varies from 
105.7 to 366.7 per cent, in terms of the volume of the metal. 


Table 3. — Analyses of Test Ingots of Oxidized Copper"^ 
(R. H. Wynne) 


Number of Test T^prt 
Microstructure ii F p 

7 

8 

9 

9 

10 

10 

11 

13 

12 

u 

13 

15 

14 

Copper 

99.454 

99.460 

99.462 

99 492 

99 178 

99 252 

99 535 

Silicon . 

0.001 

trace 

0.001 

0 002 

0.005 

0 002 

0.002 

Tin 

0.045 

0,024 

0.041 

0 043 

0.033 

0 032 

0 020 

Lead 

0.042 

0.049 

0 044 

0.042 

0.040 

0 049 

0.041 

Iron 

0.006 

0.002 

0.002 

0.004 

0 016 

0 013 

0.011 

Zinc 

0.027 

0.024 

0.027 

0.028 

0.021 

0.021 

1 0 063 

Sulfur 





0 003 

0.003 

0.004 

Insoluble residue 

0.012 

0 006 

0.016 

0.017 

0.029 

0.014 

0.008 

Balance. ... 

i 

0.413 

0.435 

0.407 

0.372 

0.675 

0,614 

0.316 


* There is almost as much difficulty in getting a representative sample for chemical 
analysis from test ingots of hypereutectic copper as there is in getting truly repre- 
sentative photomicrographs. 


® P. H. Brace and N. A, 2Iiegler : Application of a High- vacuum Induction Jfi^nace 
to the Study of Gases in Metals, Proc, Inst Metals Div., A. I. M. E. (1928) 544. 
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Table 4. — Analyses of Test Ingots on Unoxidized Copper* 
(R. H. Wynne) 


Number of Test Ingot . 

Microstructure as in Fig 

17 

15 

IS 

15 

19 

15 

Copper ... 

99.290 

99 338 

99 304 

Silicon . . 

0.006 

0 001 

0 007 

Tia .. - 

0.132 

0 131 

0 127 

Lead . ... 

0.091 

0 089 

0 092 

Iron . . ... ... 

0.020 

0 003 

0.020 

Zinc ... ... 

0.416 

0.355 

0 419 

Sulfur 

Insoluble residue . 

0.040 

0.047 

0 028 

Balance 

0 003 

0 036 

0 003 


* The presence of zinc in this copper can be accounted for only by accidental 
introduction of zinc into the ladle. The copper behaved in every way as did copper 
similarly treated in the furnace and ladle on subsequent occasions. It is assumed 
that the zinc was entirely neutral in its effect on the gas content of the copper. 


Table 5. — Analyses of Test Ingots of Copper Melted in the Oil Furnace 

(R. H. Wynne) 


Number of Test Ingot . 

Microstructure as in Fig . . 

20 

15 

21 

15 

220 

15 

Copper 

99 896 

99.802 

99.642 

Sihca 

nil 

0 001 

0.001 

Tin .. . .. . . 

0 028 

0 069 

0.054 

Lead . . ... . . . 

0 029 

0 044 

0.084 

Iron. 

0 001 

0.006 

0.001 

Zinc 

0.055 

0.053 

0.217 

Sulfur 




Insoluble residue 

0 006 

0 015 

0 012 

Balance 

negative 

0 01 

negative 


* The high zinc content of ingot 22 can be accounted for only by accidental intro- 
duction of zinc into the ladle. 


It appears from the analyses that the gaseous mixture in the furnace 
comprised the five gases: oxygen, carbon monoxide, carbon dioxide, 
nitrogen and water vapor. The almost complete absence of hydrogen 
from the copper is not surprising in view of the fact that so thorough an 
oxidation was given the metal while in the furnace. 

The more striking features of the above analyses may well be con- 
sidered in conjunction with Fig. 16. In the first place the general 
similarity in the analyses of the gases taken from ingot 1, poured direct 
from the furnace into a graphite mold, contact with which was prevented 
by a thin but continuous envelope of slag, to those of ingot 3, the first 
ingot poured in sand, is worthy of note. It is apparent that but little 
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change in the metal was occasioned by its sojourn in the ladle during 
its transport from the furnace to the molding table. The most important 
alteration is in the amount of carbon present in the metal in the form 
of the gases carbon monoxide and dioxide. In terms of per cent, by 
weight of total occluded gas the carbon content has increased from 12.9 
to 17.9. This increase can be accounted for by reaction between oxide 
in the melt and the supernatant charcoal. While it is true that the 
melt was separated from the charcoal by a layer of slag, there is little 
doubt that the unavoidable jerks and blows given to the ladle on its 
journey from the furnace to the molding table caused some contact to 



Fig. 16 . — Curves of gases extracted prom ingots poured prom metal fused 

IN THE ELECTRIC FURNACE UNDER OXIDIZING CONDITIONS, WITH AIR BLOWN THROUGH 
THE MELT FOR TWENTY MINUTES. 

be made between the melt and the charcoal. As a result of this contact, 
the gaseous carbon content of the melt increased. A study of the 
analyses recorded in Table 6 leads to the view that oxidized copper 
can and will absorb carbon up to a limit of about 21.9 per cent, 
by weight of total occluded gas. This carbon is distributed between 
the two gases carbon monoxide and carbon dioxide in proportions which 
are dependent only on the temperature. The higher the temperature 
of the oxidized melt when saturated with carbon, the greater is the 
proportion of carbon dioxide occluded. This is a result that would be 
foreseen from a study of the absorption coefficients of carbon monoxide 
and carbon dioxide in liquid copper at various temperatures (Fig. 1). 

It then appears that the copper in this experiment, during its trans- 
portation from the furnace to the molding table, has been enabled to 
absorb, but not to saturate itself with, carbon. At the same time, its 
temperature having fallen, the ratio GO to CO 2 in the metal has increased. 
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For the same reason that this ratio has altered, the proportions of oxygen, 
nitrogen and water vapor have diminished. 

In the second place,, the surprising difference in the proportion of 
carbon dioxide in ingots 1 and 2 claims some attention. It will be 
remembered that in casting ingot 1 the metal was poured into a graphite 
mold from which it was protected by a continuous layer of slag. Absorp- 
tion of carbon from the mold by the copper was thereby largely, if not 
entirely, prevented. In casting ingot 2 the metal was poured into a 
large iron ladle and thence into a graphite mold, with which the hot copper 
made intimate contact. The copper absorbed much carbon, though it 
did not become saturated with the element. Its CO/CO 2 ratio was, how- 
ever, depressed towards the normal value for the temperature in question. 

A third point of interest is the remarkable increase in the proportion 
of carbon dioxide in ingot 4. This ingot was poured from the ladle into a 
sand mold at the molding table after 18 oz. of silicon-copper had been 
added to the melt. The silicon-copper was stirred into the metal so 
vigorously that no question can arise as to the opportunity given the 
copper and its solutes to react with both the silicon and the charcoal of 
the cover. From the latter the maximum weight of carbon was absorbed 
and united with oxygen in the melt, forming carbon monoxide and dioxide. 
The total carbon present in ingot 3, poured prior to the first addition of 
silicon-copper, was 17.9 per cent.; that present in ingot 4 was 21.9 per 
cent. This represents an increase in carbon of 4.0 per cent. 

The difference in the carbon dioxide content in ingots 3 and 4 — 49.1 
per cent. — could be accounted for by the following reactions: 

2CO + 02 = 2 CO 2 (1) 

C + O 2 = CO 2 (2) 

As a result of the first reaction, the carbon monoxide is reduced from 
26.1 per cent, by weight (ingot 3, Table 6) to 4.4 per cent, by weight 
(ingot 4, Table 6) — a reduction of 21.7 per cent, by weight. The reaction 
of this 21.7 per cent, of carbon monoxide with oxygen (equation 1) 
results in the formation of 34.3 per cent, of carbon dioxide. 

As a result of the second reaction, 4.0 per cent, of carbon (carbon 
content of ingot 4 minus carbon content of ingot 3) produces 14.8 per 
cent, of carbon dioxide. The sum of 34.3 and 14.8 should give the total 
increase in carbon dioxide, 49.1 per cent. 

This increase in carbon dioxide involves a percentage weight of 23.0 
per cent, of oxygen. But only 1,6 per cent, of gaseous oxygen is lost 
by the copper, hence either oxygen resulting from the reduction of cuprous 
oxide or oxygen from the air must have assisted in bringing these reactions 
to completion. That oxygen from the air could get into the copper is 
certain in view of the conditions under which the silicon was incorporated 
with the melt. 
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It appears then that copper can become saturated with carbon only if 
and when suflScient gaseous oxygen is available. In view, also, of the 
fact that the ratio of carbon monoxide to carbon dioxide in oxidized 
copper saturated with carbon varies with temperature, the proportion of 
gaseous oxygen combined with carbon must vary too. 

The subsequent additions of silicon-copper (ingots 5 and 6) were 
followed by vigorous stirring of the melt in the ladle and as a result the 
limiting amount of carbon was absorbed by the copper. The distribution 
of the carbon varied in accordance with the amount of oxygen combined 
with it, w’^hich became less as the temperature of the melt decreased; or, 
in other words, as the time the melt remained in the ladle lengthened. 

In passing on to the last point, attention may be directed to the fact 
that the content of gaseous oxygen falls uniformly until the last ingot 
(No. 6) is reached. The fact that the metal was sluggish in the ladle and 
that some separation of primary copper had probably already supervened 
may account for the increase in oxygen noted in the last ingot. 

The last observation is that silicon-copper appears to act as a deoxi- 
dizer in complete accordance with the equation: 

2 CU 2 O -{- Si ~ Si02 "f" 4Cu (3) 

The metal capacity of the ladles used in this and the subsequent 
experiments was 225 lb. In a melt of such capacity a cuprous oxide 
content of 1 per cent, would be equivalent to 2^^ lb. of cuprous oxide, or a 
little over 4 oz. of oxygen (as cuprous oxide). To reduce this amount of 
cuprous oxide, almost exactly 234 h>- of 10 per cent, silicon-copper would 
be required. The conclusion is reached, then, that 1 oz. of 10 per cent, 
silicon-copper added to a 225-lb. ladle of oxidized copper should reduce 
0.028 per cent, of cuprous oxide to copper and that the usual 9-oz. piece 
of silicon-copper used in these experiments should reduce 0.252 per cent, 
of cuprous oxide to copper or, in other words, react with 0.028 per cent, of 
oxygen in the form of cuprous oxide to form silica (SiOa) which, owing to 
its inferior density (2.2), will gravitate from the melt. 

The evidence in support of the contention that silicon-copper acts as 
a deoxidizer in complete accordance with equation 3 is based upon the 
results of experiment II, rather than on the results just described. In 
the experiment now under discussion planimetric measurements of the 
oxide content of samples 3 to 6 were vitiated by the fact that the alloys 
were so heterogeneous in structure. Accurate determinations of the 
oxide content could only have been made had the whole cross-sectional 
areas of the castings been the subjects of measurement. In the case of 
hypoeutectic alloys this dfficulty is not encountered, since the distribu- 
tion of the microconstituents is generally uniform over the entire cross- 
section of the ingots. 
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Table 6 . — Solubilities of Gases in Copper under Oxidizing Conditions 


Ingot 


Weight of Gas in Per Cent, of 

Volume of Gas 

in Per Cent, of 

Number 


Copper 

Total Gas 

Copper 

Total Gas 


Experiment I 



1 

Os . 

0.00928 

31 3 

57.5 

30.8 


CO . 

0.00380 

12 9 

26.9 

14 4 


COs 

0.00800 

27 2 

35 4 

19 0 


Hs 

mi 

nil 

ml 

ml 


Ns . 

0.00743 

25 1 

54.0 

29 0 


HsO 

0.00103 

3 5 

12.5 

6.8 


Carbon 


12 9 




Total 



186.3 


2 

Os .. 

0 01610 

24 9 

99.7 

29.2 


CO 

0.00340 

5 3 

24.0 

7.0 


CO 2 

0.04000 

62 1 

178 0 

52.1 


Hs 

0 00003 

0 4 

2.7 

0 8 


Ns 

0.00353 

5 5 

25 9 

7.6 


HsO . 

0 00115 

12.1 

11.2 

3.3 


Carbon 


19 3 




Total 



341 5 


3 

Os - . . . 

0 00810 

17 6 

93 2 

25.4 


CO 

0 01200 

26.1 

93 2 

25 4 


CO 2 

0 01140 

24 7 

64 5 

17 6 


Hs 

ml 

nil 

ml 

nil 


Ns ... 

0 01360 

29 5 

103 0 

28 1 


HsO 

0 00095 

2 1 

12 8 

3.5 


Carbon 


17 9 




Total 



366 7 


4 

Os . 

0 00320 

16 0 

18 8 

17 8 


CO 

0 00088 

4 4 

6.2 

5 9 


C 02 . 

0 01490 

73.8 

69 0 

65 3 


Hs . 

nil 

nil 

nil 

nil 


Ns . 

0 00027 

1 3 

2 0 

1.8 


HsO 

0 00089 

4 5 

9 7 

9.2 


Carbon 


21 9 




Total 



105 7 


5 

Os . 

0 00352 

8 3 

22 0 

9 1 


CO 

0 00393 

9 3 

28.0 

11 7 


CO 2 

0 02610 

61 4 

117.0 

48 9 


Ha . 

ml 

nil 

nil 

nil 


Ns . 

0 00790 

18 5 

58 2 

24 3 


HsO 

0 00109 

2 5 

14.4 

6 0 


Carbon 


20 8 




Total 



239.6 


6 

Os . . . 

0 00354 

15 1 

22 1 

15 6 


CO 

0 00416 

17 6 

28 5 

20 4 


CO 2 

0 01240 

52 6 

55 3 

39 0 


Hs . 

0 00010 

0 4 

9 4 

6 4 


Ns . 

0 00278 

11 9 

20.2 

14.2 


HsO . 

0.00057 

2.4 

6 3 

4 4 


Carbon 


21 8 




Total. 



141.8 



Experiment II 



7 

Os 

0 00126 

6 5 

f 7 7 

6 5 


CO 

0 00048 

2.5 

3 4 

2 8 


CO 2 . 

0 01157 

59 5 

55 0 

45.9 


Hs . 

0 00003 

0 6 

3.3 

2 8 


Ns .. 

0 00446 

22 9 

32.5 

27 2 


HsO 

0 00163 

8 4 

17 7 

14 8 


Carbon 


17 3 




Total 



119 6 


8 

Os , . 

0 00187 

10 1 

11.5 

10 3 


CO. 

0 00336 

18.1 

23 6 

21.1 


CO 2 . 

0 01039 

55.9 

46 0 

41.1 


Hs . 

0 00005 

0 3 

4 7 

4.2 


Ns . 

0.00142 

7 6 

9 8 

8 8 


HsO . 

0.00149 

8 0 

16 2 

14.5 


Carbon , . . 


23.0 




Total 



118 8 


9 

Os 

0.00253 

6.8 

15 5 

7 6 


CO. 

0.00400 

10.6 

28 3 

13.9 


CO 2 . 

0.02650 

70.7 

117 9 

57.6 


Hs 

0 00002 

0.1 

1 6 

0.8 


Ns ., 

0.00305 

8.1 

24 8 

12.1 


HsO 

0.00150 

4,0 

16 4 

8.0 


Carbon 


23.7 




Total 



204 1 


10 

Os 

0 00018 

0.8 

1.1 

0.7 


CO ... 

0 00379 

16.6 

26 6 

16.8 


C 02 . 

0.01305 

57,0 

65 8 

42.3 
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Table 6. — (Continued) 


Ingot 

Number 

Gas 

Weight of Gas in Per Cent, of 

1 

Volume of Gas in Per Cent, of 

Copiier 

1 

Total Gas 

Copper 

Total Gas 


Ha 

0.00000 

f 

0 4 

8.8 

5.6 


Na 

0 00230 

10 1 

16.9 

10.8 


HaO 

0 00339 

14 8 

37.0 

23 8 


Carbon 


22.6 



’ Total 



156.2 


11 

O, 

nil 

nil 

nil 

nil 

1 CO 

0.00845 

13.8 

59.6 

18.5 

COa 

0.04990 

81 2 

221.0 

68.3 

Ha. 

0.00011 

0 2 

10.4 

3.2 

N« 

nil 

nil 

nil 

nil 


HaO 

0.00298 

4 8 

32.3 

10.0 


Carbon 


28.0 




Total 



323.3 


12 

Oa 

nil 

nil 

nil 

nil 


CO 

0.00309 

12.9 

21.8 

17.4 


COa 

0.01488 

62.1 

45.6 

36.5 


Ha 

0 00008 

0.3 

6.7 

5 2 


Na 

0 00362 

15 1 

26 3 

21 1 


HaO 

0 00229 

9.6 

24 8 

19 8 


Carbon 


22.4 




Total 



125 2 



Exp^ment III 



13 

Oa 

0.00052 

3.6 

3.2 

4.1 


CO 

0.00014 

1,0 

1 0 

1 1 3 


COa 

0.01140 

78.9 

50 4 

65.1 


H, 

0.00001 

0.1 

0.7 

0 8 


N. 

0,00095 

6.6 

6 9 

8 9 


HaO 

0.00142 

9.8 

15.3 

19.8 


Carbon 


21 9 




Total 



77.5 


14 

Oa 

0.00084 

13.8 

5.2 

11.5 


CO 

0.00085 

14.0 

6 0 

13.4 


COa 

0 00362 

55.0 

16.1 

35.5 


Ha 

0,00005 

0 1 

4.5 

10 0 


Na 

nil 

nil 

nil 

nil 


HaO 

0.00122 

18.6 

13.4 

29.6 


Carbon 


21.0 




Total 



45.2 


15 

Oa 

0.00082 

12 4 

5.0 

13 6 


CO 

nil 

nil 

nil 

ml 


COa 

0.00484 

73.1 

21.5 

58.2 


Ha 

nil 

nil 

nil 

nil 


Na 

nil 

nil 

nil 

nil 


HaO 

0.00095 

14.4 

10.4 

28 2 


Carbon 


19 9 




Total 



36.9 



Experiment II. — Metal Fused in Electric Furnace under Oxidizing 

Conditions 

The results of the analyses of the gases extracted from the ingots 
poured in experiment II are shown in Table 6 and, with the exception 
of that of ingot 11, in Fig. 17. The analysis quoted for ingot 11 is 
undoubtedly incorrect. At the conclusion of this analysis the refrac- 
tories used were found to be covered with a deposit of what appeared 
to be iron oxide. It was clear that the refractories had not been thor- 
oughly cleansed before introduction into the furnace. The abnormal 
values — ^in particular those for carbon dioxide — can be accounted for 
only on this basis. It is interesting to note that the weight of carbon 
in per cent, of occluded gas is far above the average value (21.9 per 
cent.) contained in the 10 ingots where ample opportunity was given 
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the oxidized melt to make contact with carbon; m., Nos. 4, 5, 6, 8, 9, 
10, 11, 12, 13, 14 and 15. 

Granting that the views given in this paper regarding the absorption 
of carbon by oxidized copper are correct, it would appear that in ingot 7 
the low carbon content is to be accounted for by the fact that, although 
some contact between the melt and the cover occurred during the 
transport of the copper from the furnace to the molding table, the metal 
did not become saturated with carbon. However, when opportunity 
had been given the melt to react with the cover, as it did when the first 
addition of silicon-copper was being incorporated (ingot 8), its carbon 
content rose to 23.0 per cent., a value slightly above the average. 



Fig. 17. — Curves of gases extracted from ingots poured from metal fused in 

THE ELECTRIC FURNACE UNDER OXIDIZING CONDITIONS. 

The analyses quoted in Table 6 and shown in Fig. 17 do not fall in 
line with the writer’s views in regard to the effect of temperature on the 
CO 2 / CO ratio. His hypothesis would call for a carbon dioxide content 
(volume) greater than 57.6 per cent, in ingot 8 (i. 6., a carbon dioxide 
greater than that in ingot 9) for the reason that the temperature of the 
metal when this ingot was poured was greater than that when the suc- 
ceeding ingots were poured. The trend of the gas analyses for ingots 
9, 10 and 12 quite fall in line with the writer’s theory; that the 
CO 2 /CO ratio of oxidized copper saturated with carbon falls with fall 
of temperature. It is most unfortunate that the analysis of ingot 11 was 
a failure, since it might have afforded useful evidence in this connection. 

It will be noted (Fig. 17) that there is a uniform fall in oxygen (gase- 
ous) content with increase of silicon. It may be concluded from this 
experiment: 
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1. That Silicon acts as a deoxidizer in complete agreement with the 
stoichiometric requirements of the equation: 

2 CU 2 O -f" Si = 4Cu + Si02 

2. That silicon also removes gaseous oxygen from copper. 

3. That when given opportunity oxidized copper can become satu- 
rated with carbon. 

Experiment III —Metal Fused in Electric Furnace under Oxidizing 

Conditions 

The planimetric analyses of the samples dealt with in this experi- 
ment gave the following results; ingot 13, 0.92 per cent, oxygen; ingot 
14, 0.87 per cent, oxygen; ingot 15, 0.22 per cent, oxygen. 

Ingots 13 and 14 exhibited a hypereutectic structure and there can 
be little doubt, therefore, that the first two results are high. There can 
be no question, however, as to the oxygen content of ingot 15. 

The gas analyses of these ingots are quoted in Table 6. These 
analyses serve to confirm the view that oxidized copper can, when given 
opportunity, absorb carbon in amounts up to about 21.9 per cent, of 
this element in terms of the weight of gas per cent, of total occluded gas. 

No determinations of the temperature of the melts were made at 
the time of pouring. It is of interest to note, however, that 100 kw.-hr. 
were expended in the fusion and superheating of the metal from which 
ingots 13 and 15 were poured, while somewhat less energy — about 
80 kw.-hr. — was used in melting the charge for ingot 14. In view of the 
fact that the conditions under which the runs were made were otherwise 
almost identical, it may be concluded that the temperature of the melt 
at the time of pouring ingot 14 was less than that of the melts at the 
time of pouring the other two castings. It is not surprising, then, to 
find that the CO 2 /CO ratio in the case of ingot 14 is less than that in 
the case of ingots 13 and 15. We may also conclude that not more 
than about 80.5 per cent, by weight of total occluded gas in oxidized 
copper can be carbon dioxide. Variations in the water vapor content of 
the metal, however, will have an effect on this percentage. 

A point in connection with these experiments seems worthy of note; 
viz,, that the total gas content of the ingots from these three runs varies 
directly as the amount of oxide in the ingots. It may be assumed that the 
pressure of the gaseous mixture in the furnace during these three runs was 
the same. Hence it might be expected that, other things being equal, the 
amount of gas that would be retained in the copper would be the same in 
all ca^s. Of course it must be remembered that strictly comparable 
conditions are hard to obtain in such experiments as these, and further, 
that it is assumed that the gas content of the iugot is representative of the 
gas content of the melt! It is possible, however, that the amount 
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of oxide which separates from a melt during cooling may have an impor- 
tant effect upon the total quantity of gas (not necessarily upon the com- 
position of the gaseous mixture) occluded by the solid metals. If the 
particles of oxide are considered as nuclei upon which gas maybe absorbed, 
then the fact that ingot 13 contains more gas than either ingot 14 or 15 
may be explained on the assumption that the amount of oxide upon 
which gas could be adsorbed was greatest in the case of the first casting. 

It may be noted that, on the whole, the total amount of gas was 
greatest in the case of the ingots poured from metal that had been aerated 
(experiment I) and was least in the case of the ingots which were made 
from metal practically free from oxide (see experiment IV). The 
amount of gas was relatively high in the case of ingots made from oxide- 
free metal melted in the oil furnace (see experiment V), but the pressure 
of gas in the oil furnace was, of course, greater than atmospheric and the 
amount of gas absorbed by the molten copper would, therefore, be 
relatively higher. 

Experiment IV, — Metal Fused in Electric Furnace under Reducing 

Conditions 

In this experiment every precaution was taken to exclude air from the 
furnace during the runs. The ingots were found to contain gaseous 
oxygen but were practically free from cuprous oxide. The analyses of 
the gases are quoted in Table 7 and are chiefly of interest for two reasons: 

1. The relatively small amount of gas retained in the ingots. 

2. The virtual absence of carbon monoxide from the gaseous mixture 
extracted from the castings. 

Ingot 16 was poured direct from the furnace into a graphite mold; 
ingot 17 was poured from a ladle, which had been carried from the furnace 
to the molding table, into a sand mold. The metal was covered with 
charcoal during its journey from the furnace to the molding table. 
There was little change in the weights of carbon dioxide and oxygen in 
the metal during the time that was occupied in the transport of the metal 
from the furnace to the table. There was, however, a marked change in 
the relative proportions of nitrogen and water vapor, the latter having 
increased at the expense of the former. 

The addition of 9 oz. of silicon-copper (ingot 18) has altered the dis- 
tribution of the gases in the copper. Both the carbon dioxide and the 
oxygen have increased at the expense of the nitrogen. The vigorous 
stirring of the melt may be credited with having caused the increase in 
these two gases. The silicon-copper may have been acting upon cuprous 
oxide only. If this assumption be made, the remarkable effect of adding 
a further 18 oz. of silicon-copper (ingot 19) to the melt can be explained 
on the assumption that in this case the silicon-copper has acted upon the 
gaseous oxygen and the carbon dioxide and has reduced them to pro- 
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Table 7. — Solubilities of Gases in Copper urider Reducing Conditions 


Ingot 

Number 

1 Gas 

Weight of Gas in 
f Per Cent, of 

Volume of Gas in 
Per Cent, of 

* Copper 

1 Total Gas 

i 

! Copper 

Total Gas 

16 

0, 

0.00010 

3.0 

1 0.8 

2.5 


CO 

nil 

nil 

nn 

nn 


i CO, 

0.00149 

44.0 

1 14.1 

44.8 


H, 

nil 

1 nil 

nn 

nn 


N, 

0.00100 

t 30.0 

7.5 

23.8 


H,0 

0 00080 

23.6 

9.1 

28.9 


Carbon 


12.0 




Total. 



31.5 


17 

o, 

0.00014 

4.3 

0.9 

0.4 


CO 

0.00005 

0.1 

0.3 

0.1 


CO, 

0.00149 

44.2 

6.6 

31.8 


H, 

nU 

nil 

nn 

nil 


N, 

0.00151 

44.9 

10.9 

52.6 


H,0 

0.00018 

5.3 

2.0 

15.1 


Carbon 


12.0 




Total 



26.2 


18 

0, 

; 0.00080 

17.6 

4.9 

18.7 


CO 

nil 

nil 

nil 

nn 


CO, 

0.00248 

54.3 

11.0 

42.0 


H, 

nil 

i nn 

nil 

Edl 


N, 

0.00103 

22.6 

7 5 

28.6 


H,0 

0.00026 

i 5.7 

2.8 

10.7 

i 

Carbon 


14.8 




Total 



26.2 


19 

0, 1 

0.00032 

5.2 

2.8 

6.9 


CO 1 

1 nn 

nn 

lul 

nil 


COs , 

0.00200 

32.7 

8.9 

2.0 


H, ; 

nil 

nil 

nn 

nn 

1 

N, 

0.00330 

54.0 

24.1 

59 5 


HaO 

0.00060 

8.4 

4 7 

11.6 


Carbon 


8.9 




Total 



40 5 



portions below those which will cause trouble due to unsoundness 
in the casting, sound castings having been obtained subsequent to 
the addition of 18 oz. of silicon copper. 

It is certainly difficult to give an entirely rational explanation of these 
analyses. Much further work requires to be done before the true action 
of silicon-copper in this connection can be arrived at. That it acts as a 
deoxidizer is certain, but whether or not its ability to promote soundness 
lies in this action alone is a debatable question. 
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Experiment V. — Metal Fused in Oil Furnace 

The analyses of the gases extracted from the ingots (No, 20 to 22) 
poufed from these melts are quoted in Table 8. 

It should be noted that after the ingots had been poured the ladle in 
each case was taken to the molding table where, after addition of silicon- 
copper (not more than 18 oz.) to the melt, a number of perfectly sound 
sand castings were poured. 


Table 8. — Solubilities of Gases in Copper Fused in Oil Furnace 


Ingot 

Number 

Gas 

Weight of Gas in 

Per Cent, of 

Volume of Gas in 
Per Cent, of 

Copper 

Total Gas 

Copper 

Total Gas 

20 

O2 

0.00040 

2.7 

2.5 

2.9 


CO 

0.00126 

8.4 

8.9 

10.4 


CO2 

0.01120 

5.0 

50.0 

58.1 


Hj 

0.00004 

0.3 

3.6 

4.2 


Ns 

0.00050 

3.3 

4.0 

4.7 


H2O 

0.00155 

10.4 

16.9 

19.7 


Carbon 


24.0 




Total 



85.9 


21 

Os 

0.00021 

1.8 

1.3 

1.9 


CO 

0.00153 

13.1 

10.8 

16.2 


C02. .. . . 

0.00850 

72.5 

37 8 

56.6 


H2 

0.00003 

0.2 

3.0 

4.5 


N2 

0.00046 

3.9 

3.3 

4.9 


H20 

0.00100 

8.5 

10.6 

15.9 


Carbon 


25.3 




Total 



66.8 


22 

O2 

nil 

nil 

nil 

nil 


CO 

0.00257 

21.5 

18.1 

21.2 


CO2 

0.00828 

69.2 

36 6 

43.1 


H2 

0.00021 

1.8 

20.3 

23 9 


N2 

nil 

nil , 

nil 

nil 


H2O 

0.00091 

7.6 

10.0 

11.8 


Carbon 


28.0 




Total 



85.0 



In these ingots, 20 to 22, the amount of carbon absorbed by the 
metal was relatively high (24.0 to 28.0 per cent.) as compared with 
the 8.9 to 14.8 per cent, found in the metal melted under reducing 
conditions in the electric furnace. Some of this carbon is present as 
carbon monoxide. In this respect, also, the gases absorbed by the 
copper in oil-furnace practice differ from those absorbed by the metal 
electric-furnace practice. 
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Other features of the analyses are (1) the presence of hydrogen in 
the extracted gases, and (2) the marked difference between the hydrogen 
content of the ingots poured from metal which, prior to melting, was 
practically free from oxide and metal which had been definitely oxidized. 

Yet another point seems wort-hy of note. If the ingots be arranged, 
as in Table 8, in the order of the oxide content (increasing) of the charges 
from which they were poured, it will be noted that their content of 
carbon monoxide increases, while that of carbon dioxide decreases. The 
question then arises as to whether the increase in carbon monoxide may 
be accounted for by assuming some reaction of the following nature to 
occur during fusion of the charge: 

Cflr 4 + CU 2 O = 2Cu + 2 H 2 + CO (4) 

It is of interest to note that the hydrogen content is higher in the ingots 
poured from the initially oxidized copper, which is what might be expected 
on the above assumption. 

Validity op Assumptions 

The question arises as to how far the analysis of the gases extracted 
from a casting can be taken to represent the analysis of the gases in the 
melt; in other words, to what extent is the high-temperature equilibrium 
frozen in the cold metal by rapid cooling? That it is partly congealed 
is shown by the fact that nitrogen, which is insoluble in solid copper 
under conditions of equilibrium, is always present in ingots and castings 
of the type under consideration in this paper. While fully recognizing 
the fact that the high-temperature equilibrium of gases in copper can 
only be partly congealed in the solid state, the writer believes that the 
analyses quoted in Tables 6, 7 and 8 may justly form the basis of such a 
discussion as is presented in this paper, a discussion which, it is hoped, 
may prove the starting point of other work in this connection. 

The author bases his belief upon the results of two experiments 
in which both the gas occluded in the copper after solidification and 
the gas given off during the cooling of the metal from the liquid state 
were analyzed. 

In these experiments copper was poured from a ladle into an open 
sand mold 4 in. in diameter and 8 in. deep. Into the still molten copper 
a silica tube connected with an evacuated bulb in the manner shown 
in Fig. 18 was introduced. While the tube was being lowered into the 
copper the stopcock A, through which heated air and gas could escape 
from the silica tube, was allowed to remain open. The tube was lowered 
into the metal until a volume of approximately 100 c. c. of the tube was 
still unfilled with metal. The stopcock A waB closed 15 sec. after the silica 
tube had reached its lowest position relative to the molten copper. During 
this time, it was assumed that most, if not all, of the air originally in the 
silica tube would have been displaced by gases evolved from the metal. 
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After a further wait of one minute, stopcock B was opened and the 
gases above the copper distributed themselves between the container 
and the bulb. Stopcock B was allowed to remain open for 4 min. before 
closing. The bulb was later separated from the container by melting 
the Khotinsky cement which connected them. 

The results of the analyses of the gases collected in the bulb and 
extracted from the ingot are quoted in Table 9. 

The metal used in pouring the castings in these two experiments had 
been melted in an oil furnace. That used in the first experiment was 
from a charge that consisted entirely of copper scrap; that used in the 
second experiment was from a charge which consisted in part of oxidized 
copper (about 0.14 per cent, oxygen). 



Fig. 18 . — Apparatus used in molding test ingot and collecting gases given off 

DURING THE COOLING OF THE METAL. 

'The analyses in Table 9 may be compared with those given in Table 8, 
which refer to the gases extracted from test ingots (3 in. long by 1 in. 
dia.) made from metal similarly melted. The analysis of the gases 
in experiment A (Table 9) may be compared with those of the gases 
extracted from ingots 20 and 21 (Table 8) ; those of the gases in exjperi- 
ment B may be compared with those of the gases extracted from ingot 22. 

The first point of interest is the fact that the volume of gas (per cent, 
of copper) occluded in the test ingots 20, 21 and 22 is of the same order as 
the total volume of* gas evolved from and occluded in the castings dealt 
with in experiments A and B (Table 9). 
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Table 9. — Analyses of Gas Evolved and Extracted from Test Ingots of 

Copper 


Gasctit etc,. Obtained 
on AnalyHifl 


Weight of Gas 
(Per Cent, of 
Copper) 


■Weight of Gas 
(Per Cent, of 
Gas) ; 

L 


Volume of Gas 
(Per Cent, of 
Copper) 


Volume of Gas 
(Per Cent, of 
Gas) 


Evolved Occluded Evolved Occluded' Evolved j Occluded Evolved [Occluded 



(Experiment — scrap c( 

ipper) 


[ 


Water vapor. . . . 

0 00013 0 00189 

2 4 

30.5 

1.6 

21.0 

3.9 

47.4 

Hydrogen 

0.00002 nil 

0 4 

nil 

1.9 

nil 

4.6 

nil 

Carbon monoxide . 

0.00017 0.00135 

3.1 

22.1 

1.2 

‘ 9.6 

2.9 

21.6 

Carbon dioxide . 

0 00026 0.00259, 4.8 

42.0 

1.1 

11.6 

2.7 

26.2 

Nitrogen 

0.00462 0 00003 

84.5 

1 0.5 

33.8 

0.2 

81.9 

0,5 

Oxygen 

0.00026 0 00030 

4 8 

4.9 

1.6 

1.9 

3.9 

4.2 

Carbon 



20.9 





Total 




41.1 

44.3 




(Experiment B — oxidized copper) 




Water vapor 

0.00008 0.00142 

3 1 

14.9 

0.9 

15.5 

5.5 

24.9 

Hydrogen 

nil 0 00010 

nil 

1.1 

nil 

10.1 

nil 

16 3 

Carbon monoxide 

0.00005 0 00038 

1.9 

4.0 

0-4 

2.7 

2 2 

4 3 

Carbon dioxide ... 

O.OOOI 81 0.00760 

4.2 

79.7 

0.5 

33.8 

2.8 

54.2 

Nitrogen 

0.001401 nil 

53.4 

nil 

10.2 

nil 

56.0 

nil 

Oxygen | 

0.00098' 0 00003 

37.4 

0.3 

6.1 

0.2 

33 5 

0 8 

Carbon 



2.34 





Total 




18.1 

62.3 

1 

! 



The second point of interest is that the same gases were occluded in 
the copper of experiment A (Table 9), made from copper which was 
oxygen-free when charged into the Schwartz furnace, as were occluded in 
ingots 20 and 21, similarly made. Low hydrogen content and presence of 
nitrogen characterize these castings. On the other hand, the copper of 
experiment B (Table 9), made from metal which was oxidized when 
charged, is characterized by the absence of nitrogen and by a high qontent 
of hydrogen, in this respect being similar to ingot 22. 

The most important fact, however, is that even on slow cooling a 
fairly large casting the amount of gas evolved, as compared with that 
occluded, is relatively small, if nitrogen and oxygen be excepted. The 
proportions which were evolved on cooling the casting in experiments A 
and B are shown in Table 10. 


Table 10. — Gases Evolved on Cooling Casting 


Percentage of Gas Evolved, i, e. 


( 


Gas evolved X 100 

Gas evolved -f Gas occluded 
A 


) 


B 


Water vapor 

Hydrogen 

Carbon monoxide 

7.1 

Ill 

5.5 

nil 

19 0 

Carbon dioxide 

« *7 


Nitrogen 

Ti'r«io+.i/»onTr oil 

1 . ■xU 

nil 

Oxygen 

45.7 

OiLL 

97 0 
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Now the rate of cooling of test ingots such as those dealt with in this 
paper must be very rapid as compared with that of the castings referred 
to in Table 9. The rate of cooling was, in fact, so rapid that the test 
ingots quite frequently contained nitrogen. It is maintained, therefore, 
that the analyses discussed above represent with a fair degree of accuracy, 
in so far as the gases other than nitrogen are concerned, the analyses of 
the gases which were contained in the liquid metal at the time it was 
poured into the test molds.® On this account some justification exists 
for the conclusions arrived at above and recapitulated below. 

Conclusions 

It is clear that much remains to be done in this connection. The 
complexity of the problem is evident, but the following conclusions 
stand out preeminently: 

1. The total volume of gas occluded by solid copper is, other things 
being equal, a funct'on of the conditions under which it is melted. This 
fact is well recognized, but is frequently overlooked when the question of 
occluded gases is under discussion. It is fully realized by the writer that 
the total volume of gas occluded by solid copper is a function aho of the 
rate of cooling of the metal. 

2. Oxidized copper, when brought into contact with carbon, absorbs 
this element up to a certain fairly well defined limit, the carbon distribut- 
ing itself between the gases carbon dioxide and carbon monoxide in pro- 
portions which are dependent on the temperature of the metal, 

3. Very little carbon lb. charcoal per 150-lb. charge) suffices 
to prevent the oxidation of copper in electric furnace melting practice, 
when precautions are taken to prevent undue access of air to the interior 
of the furnace. 

4. Castings made from copper melted under reducing conditions in 
the electric furnace contain neither hydrogen nor carbon monoxide; 
carbon dioxide, nitrogen and water vapor are the principal constituents 
of the gaseous mixture in castings made from such metal. 

'5. Conditions in the oil-fired furnace may be made so reducing as to 
remove practically all traces of cuprous oxide from oxidized copper 
charged and melted therein. It is worthy of note, however, that zinc 
oxide in brass is not reduced under like conditions. 

6. Nitrogen is practically absent in copper melted in the oil-fired 
furnace; carbon dioxide, carbon monoxide and water vapor are the 
principal constituents of the gaseous mixture in castings made from 
such metal. 

7. Silicon-copper acts first as a deoxidizer in accordance with the 
equation: 2 CU 2 O -f Si = Si02 + 4Cu. When its action in this regard 

® The proportions of hydrogen and oxygen actually present were so small that 
they can be left out of discui^ion here. 
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is complete, it may act as an agent for increasing the ability of copper 
to hold gases in solid solution. It cannot, however, act in this way until 
its affinity for oxygen has been completely satisfied. 

8. The absolute necessity of ascertaining the condition of copper in 
respect of its content of cuprous oxide before determining the solubility 
of any gas in the copper is made quite evident. 
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DISCUSSION 

O. W. Ellis. — There is one point in regard to our analyses to which attention 
should be called; that is, the fact that the method of analysis employed by us was 
unable to detect the presence of sulfur dioxide in the gases extracted from the copper, 
so that when carbon dioxide is referred to in the tables it may mean carbon dioxide 
plus sulfur dioxide. 

Another point worthy of remark is the statement on p. 467 in regard to the elimina- 
tion of zinc oxide from brass. While we are certain that cuprous oxide can be reduced 
to metallic copper when oxide-bearing copper is melted in the oil furnace under 
suitable conditions, we are not sure that zinc oxide might not be similarly reduced to 
metallic zinc, given suflScient time. Other things being equal, however, zinc oxide 
and cuprous oxide differ so widely in their reducibility that the statement made in 
conclusion 5 can be accepted as definitive. 

R. S. Dean, Chicago, 111. — If water vapor may be present in copper, to that extent 
we are introducing error into our ordinary oxygen determination in copper, because 
presumably we weigh not only the water from the reduction of oxide but also the 
water present as water vapor. I do not know whether the quantity would be enough 
to affect the analysis in an 0.03 or 0.04 per cent, copper. 

S. L, Hovt, Schenectady, N. Y. — I have not attempted to follow this line of work 
at all and the answer to my question may be obvious to Professor Ellis or those who 
have worked in it, but I could not help wondering about the CO 2 to GO ratio. As I 
recall it, the CO 2 is almost completely decomposed at temperatures corresponding 
to the melting point of copper, and under those circumstances, I do not see how there 
can be as much CO^ present in the copper as is represented by these analyses, unless 
possibly the CO 2 to CO ratio is affected during the cooling of those gases to room 
temperature, which might depend upon something present which would act as 
a catalyzer. 
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O. W. Ellis. — Dr. Dean's remarks are to the point. It should be noted, however, 
that the weight of water vapor found in our case never exceeded 0.0034 per cent, of 
the weight of the copper. 

Dr. Hoyt’s question was one that has puzzled us also. All that can be said at 
the moment is that, after considerable discussion with various members ©f the West- 
inghouse Research staff and a review of the literature, we decided to assume that 
in the presence of copper the carbon dioxide retained its identity even at those tem- 
peratures at which dissociation normally occurs. (See, for example, Iwas6’s discus- 
sion on the solubility of CO 2 in copper.) As stated in the paper, "much remains to 
be done in this connection,” and, on this account, we feel that the views expressed 
therein must be considered as likely to change in the light of fuller knowledge. 



Gases in a Sample of Overpoled Fire-refined Copper 

By 0. W. Ellis,* East Pittsburgh, Pa. 

(New York Meeting, February, 1929) 

The writer has dealt with the effect of various methods of melting 
copper upon the gas content of the metal.^ The copper referred to inhis 
earlier paper was melted in the foundry both in the oil furnace and the 
electric furnace. As the metal did not measure up to conductivity 



Fig. 1. — Ingot op overpoled copper. 

standard, the term “casting copper” was applied to the material in 
the title of the paper. 

It was thought that some information in regard to the gases in a 
sample of overpoled copper might also be of interest, and through the 
courtesy of C. R. Stevens, superintendent of the copper mill of the West- 
inghouse Elec. & Mfg. Co., such a sample was obtained. The metal 
was chill-cast in the form of an ingot about 7 in. long, 2^ in. deep (from 
the base to the raised surface of the ingot) and from 1 % to 1 % in. wide. 
A photograph of part of the ingot is shown in Fig. 1 . The effect of over- 
pohng on t he surface of the metal is here quite clearly shown. 

* Metallurgical Engmeer, Research Dept., Westinghouse Elec. & Mfg. Co. 

1 0. W. Ellis: Absorbability of Gases in Casting Copper and Effect of Adding 
Cuprosilicon. See page 443. 
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In preparing this sample of overpoled copper, a charge of approxi- 
mately 40,000 lb. of refined copper scrap, containing small quantities of 
soldered leads, connectors, etc., such as is referred to in the paper by 
Pilling and HaUiwell^ and is described in more detail in the discussion of 
that paper by Stevens, Pilling and Bassett, was, after refining, brought 
to pitch by poling with green hard wood. From the copper in this condi- 
tion a small ladleful was taken and was well stirred with a small pole of 
the same wood that was used in treating the major portion of the charge. 
The overpoled metal thus obtained was poured into the mold described. 

The analysis of the metal was as follows: copper, 99.96; silicon, 0.001; 
tin, 0.01; lead, 0.013; iron, 0.012; zinc, 0.01 per cent. 



X 100. BLOWHOLES. X 100. 

Microscopic examination of a cross-section of the ingot showed that 
some oxidation of the metal had occurred during its sojourn in the mold 
subsequent to pouring, a hypoeutectic structure (copper-cuprous oxide) 
being observed to a depth of 10 mm. from the top of the ingot. The 
proportion of cuprous oxide in the metal decreased very rapidly as the 
distance from the surface of the ingot increased. The structure of the 
metal at a depth of 10 mm. was as shown in Fig. 2, the line of oxide 
particles at the lower part of the photomicrograph forming, as it were, a 
boundary between the oxidized and the unoxidized portions of the ingot. 
The amount of oxide at lower levels in the ingot was so little as to make it 
hard to detect. Fig. 3 shows the structure of the metal at these lower 
levels. In this photomicrograph the spots in almost all cases represent 
not oxide, but blowholes. 

^ N. B. Pilling and G. P. Halliwell: Effect of Lead and Tin with Oxygen on the 
Conductivity and Ductility of Copper, Trans. (1926) 73, 679; discussion, 692. 
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Analysis of the Gases 

An analysis of the gases extracted from one-half gf the ingot shown 
in Fig. 1 is given in Table 1. 

Table 1. — Analysis of Gases from One-half of Ingot 


Ingot 

Number 

1 Gas 

Weight of Gas in Per Cent, of 

1 

Volume of Gas 

in Per Cent of 

Copper 

Total Gas 

Copper 

j Total Gas 

23 

COi 

J 0.00146 

84 6 

5 6 I 

69 1 


HiO 

.! 0,00026 

15.4 

2 5 

30 9 


' Carbon 


23.1 




Total 

1 

' i 

8.1 



The outstanding features of this analysis are as follows : 

1. The complete absence of nitrogen from the gaseous mixture. 

2. The complete absence of oxygen from the gaseous mixture. 

3. The complete absence of carbon monoxide from the gase- 
ous mixture. 

4. The complete absence of hydrogen from the gaseous mixture. 

5. The relatively small quantity of gas retained in the solid metal. 

6. The percentage of carbon (23.1 per cent.) by weight in the gaseous 
mixture. 

Absence of Nitrogen 

The absence of nitrogen from the gaseous mixture might be explained 
by assuming that the rate of cooling of the ingot was insuiB&ciently rapid 
to insure retention of nitrogen in the metal. It has been shown by the 
writer that practically all the nitrogen in copper is evolved on slow cool- 
ing of the metal through the melting point.® It is surprising, however, 
that no nitrogen has been retained in this chill casting. The question 
arises whether a more or less complete removal of nitrogen from the liquid 
metal is effected during the poling period. This question, which can not 
be answered here, is justified by the fact that soUd copper after being 
melted under reducing conditions in the electric furnace retains quite an 
appreciable amount of nitrogen when cast in the form of small sand cast- 
ings — castings which, it may be well to note, would cool only slightly, 
if at all, more quickly than the chiU casting now under discussion. 

Absence of Oxygen 

The absence of oxygen is not surprising. Castings made of copper 
which, prior to fusion in the oil furnace, had contained cuprous oxide 
have been shown by the writer to be practically free from occluded 
oxygen, such gaseous oxygen as was contained in the molten metal being 


® See page 466. 
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evolved during its cooling. As in the case of nitrogen the question arises 
as to whether the poling eliminates this gas, a question which the writer^s 
tests do not answer. 

Absence of Carbon Monoxide 

The absence of carbon monoxide is somewhat surprising, though it 
may be noted that copper melted under reducing conditions in the elec- 
tric furnace is free from this gas.^ There is an essential difference in this 
connection which, however, must not be overlooked. The electrically 
fused copper referred to was to all intents and purposes free from cuprous 
oxide when charged into the furnace, whereas the overpoled copper was 
thoroughly oxidized prior to poling. 

Absence of Hydrogen 

The total absence of hydrogen is somewhat surprising, in view of the 
fact that the copper now in question was oxidized prior to poling. 
Oxidized copper when melted in the oil furnace was found by the writer 
to contain more hydrogen than oxide-free copper; one might, therefore, 
have expected some hydrogen in overpoled copper. 

Small Amount of Gas Retained 

The small amount of gas retained by the metal is not surprising in 
view of the fact that oxide-free copper melted under reducing conditions 
in the electric furnace contains less gas than either metal melted in the 
oil furnace or metal melted under oxidizing conditions in the electric 
furnace. It is impossible to compare the results of the present experi- 
ment with those referred to in the previous paper,® on account of the 
differences in cooling rate which must have existed. Nevertheless the 
difference in cooling rate can not have been so great as to make it impos- 
sible to infer that overpoled copper is more free from occluded gas than 
casting copper melted under reducing conditions in the electric furnace. 

Percentage of Carbon 

The fact that the percentage of carbon (23.1 per cent.) present in the 
form of carbon dioxide is of the same order as that found in the casting 
copper melted under oxidizing conditions in the writer^s previous experi- 
ments® — viz,j 21.9 average — is one that seems worthy of note. Vari- 
ations in water vapor content will have their effect on this quantity — i.e.y 
the percentage of carbon — but they can not account for the remarkable 
difference between the carbon content of the gases extracted from oxide- 
free copper melted in the electric furnace under reducing conditions and 
that of the gases extracted from copper containing oxide. The fact that 
this overpoled copper contains an amount of carbon which approximates 
closely that which was present in the oxidized copper of the writer’s 

^ See page 462. 

^ See page 443. 

®See page 457. 
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previous experiments raises the question whether copper, once oxidized, 
will not retain its content of carbon unchanged even after being brought to 
pitch, or overpoled. If this question can be aflarmatively answered, the 
low-carbon content of the gases extracted from the unoxidized casting 
copper melted in the electric furnace in the writer’s previous experiments 
might possibly be explained on the basis that the particular batch of 
copper used in this experiment had been thoroughly deoxidized before 
being charged into the furnace. It is of interest to observe that chemical 
analysis of this copper revealed an appreciable quantity (0.4 ± per cent.) 
of zinc in the copper. This zinc may have been the cause of the deoxida- 
tion of the metal in the first instance. 

Conclusion 

These speculations may or may not be of value in arriving at a logical 
explanation of these and other analyses of the gases extracted from copper. 
It is believed, however, that they merit record, in view of the fact that 
they may form a basis for future discussion of the subject of gases in 
copper. 

The writer desires to express his appreciation of the cooperation of 
those upon whose work this contribution is largely based — E. H. Wynne, 
to whom is due the analysis of the copper, and N. A. Ziegler, to whom is 
due the analysis of the gases extracted from the ingot. 

DISCUSSION 

R. C. Dalzell, Cambridge, Mass. — The fact that Mr. Ellis has ignored SO 2 in 
analyzing the gases in copper may or may not be important. No work has been 
reported which justifies the assumption that this gas is not present in the evolved or 
occluded gases. At Baltimore we performed a rough experiment in which we found 
20 parts per million of SO 2 in the gases given off by a solidifying fiatcake. The 
apparatus used for collecting the gases was crude, but even if the SO 2 is five times as 
concentrated as this it constitutes only 0.01 per cent, of the gases evolved. We have 
not yet remelted any copper in vacuum for the purpose of testing for SO 2 in the 
occluded gas^, but we are now carrying on experiments of this nature in the Metal- 
lurgical Laboratory of Harvard University. 

0. W. EHiis. — Mr. Dalzeirs remarks regarding sulfur dioxide are of considerable 
importance. The pc^ibility of the presence of this gas has, however, not been over- 
looked by the author, who has fully recognized that any sulfur dioxide would, by the 
method which was adopted by Mr. Ziegler in carrying out these gas analyses, be 
measured with the carbon dioxide. This is clearly a defect in the physical method of 
measuring the proportion of gases present in a gaseous mixture such as is discussed in 
this and the author’s previous paper. 

While it cannot be denied that sulfur dioxide may be present in copper,, in fact 
that it is likely to be present, it is interesting to note the uniformity of carbon content 
in the gases extracted from the samples which have been examined by the author. 
This uniformity of carbon content tends to confirm, but does not by any means prove, 
the view that the proportion of sulfur dioxide in the gases examined must have been 
relatively small. 



Incipient Shrinkage in Some Non-ferrous Alloys 

Bi J. W. Bolton* and S. A. WBiGAND,t Cincinnati, Ohio 

(New York Meeting, February, 1929) 

Production of sound bronze castings is a matter of great practical 
interest to users and manufacturers of high-grade non-ferrous engineering 
specialties. Although there has been much excellent research in this 
field, there still remains some confusion regarding the fundamental 
principles underlying production of really sound bronze. The literature 
of the past 20 years on this subject indicates that the prevailing opinion 
of metallurgists and foundrymen has been that unsoundness in bronze 
is due generally to oxidation. The following references are typical. 

Eeview of Literature 

Carpenter and Edwards^ state that when gun metal is melted the 
alloy dissolves gas, the amount increasing with rise in temperature and 
duration of the melting. The solubility of the gas diminishes during 
the fall in temperature and it escapes through the liquid metal. At the 
moment of incipient solidification there is an evolution of gas. 

Sperry^ says that by using charcoal a reducing atmosphere is supplied 
whereby oxidation is prevented, and this also prevents gases from 
coming in contact with the metal. 

Logan® says that many of the troubles that occur in non-ferrous 
castings are the direct result of one thing — oxidized material. He 
mentions how readily copper absorbs oxygen when molten, but does 
not mention the harmful effects of reducing conditions as observed in 
overpoled copper. 

Guillemin and DelachanaP investigated the gases occluded in bronze 
and found that the better bronzes contained mostly hydrogen while 
the poorer ones had a larger proportion of carbon monoxide and 
carbon dioxide. 

* Chief Metallurgist, The Lunkenheimer Co. 

t Research Metallurgist, The Lunkenheimer Co. 

^ H. C. H. Carpenter and C. A. Edwards; Production of Non-ferrous Castings to 
Withstand High Pressure. Castings (1911) 7, 121. 

®E. S. Sperry: Fluxes as Applied to the Brass Foundry. Brass World (1910) 
6, 239. 

’Logan: Non-ferrous Foundry Practice. Inst, of British Foundrymen, 

* G. Guillemin and B. Delachanal. Recherche sur les gaz occlus contenus dans 
les alliages de cuivre. Comjtt. rend. (1910) 161, 881. 

475 



476 


IXCIPIEXT SHRINKAGE IN SOME NON-FERROUS ALLOYS 


Primrose^ says that gun metal should not be held molten for a long 
time as it absorbs gases and then forms blowholes. 

Clarke^ believes that high pouring temperatures are critical chiefly 
because of extreme ^'oxidation and the occlusion and expulsion of gases 
resulting in porosity. 

Wolf and Burr” made analyses of atmospheres of furnaces using 
natural gas and found that with a slight excess of carbon monoxide 
(not over 1.0 per cent.) no oxidation of the metal occurred and high- 
quality castings were produced. 

Dewrance* points out that no benefits were derived from the deoxida- 
tion or oxidation of the metal. He does not mention the benefits derived 
from preventing absorption of reducing gases by the molten metal. 

Rawdon^ says that in addition to oxide films found in 88-10-2 bronze, 
most of the test specimens examined show some porosity. He concludes 
that the presence of oxides far outranks any other cause of weakness. 

Frohman^® advocates the use of a layer of -charcoal or coke on top of 
the metal to insure a reducing atmosphere. 

Flinn and Jonson“ say that the most common defect results from 
the inclusion of oxide in the metal. 

Carpenter and Elam^^ in 1918 could find no information about the 
gases in the fluid alloy. They were unable to find any analyses of these 
gases, or any record of attempts to rid the fluid alloy of them. Carpenter 
apparently does not place the blame on oxygen for unsoundness in 
bronze. In the analysis of the gases from sections of sound and unsound 
bronze castings, he found the greatest variation in amount in carbon 
monoxide, but said that there was nothing to indicate that it has any 
relation to unsoundness, 

Comstock found that the oxide films so frequent in commercial 
bronzes may be caused by either the volatile oxides of zinc or phosphorus 
or by dissolved gases thrown out of solution when the metal solidifies. 
The data showed that the oxides of tin, alumina, etc., are not similar in 

*H. S. Primrose: Modem Practice of Brass Founding. Castings (1912) 10, 174, 

* R. R. Clarke: Pouring Temperatures as Affecting Casting Shrinkage and Solid- 
ity. Trans. Amer. Foundr^unen's Assn. (1921) 29, 533. 

^ F. L. Wolf and R. B, Burr: Tests of Natural Gas Fired, Brass Melting Furnaces 
under Factorj" Operating Conditions. Trans. Amer. Inst. Metals (1915) 9, 343. 

8 J. Dewrance: Bronze. Jnl. Inst. Metals (1914) 11, 214. 

S. Rawdon: Standard Test Sj>eeimen of Zmc-bronze. Trans. Amer. Inst. 
Metals (1915) 9, 60. 

Frohman : Note on the Question of Fluxes. Jnl. Inst. Metals (1917) 18, 415. 

R- Flinn and E. Jonson: Inspection of Brass and Bronze. Proc. Amer. 
Soc. Test. Mat. (1917) 17, Pt. 2, 213. 

C. H. Carpenter and C. F. Elam : An Investigation on Unsound Castings of 
Admiralty Bronze. Jnl. Inst. Metals (1918) 19, 155. 

F. Comstock: Non-metallie Inclusions in Bronze and Brass. Trans. (1919) 

60, 386. 
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appearance to the intercrystalline films or cavities to which porosity is 
due. The formation of the latter was not explained. 

Bamford and Ballard^^ concluded that it is impossible seriously to 
impair the mechanical propertiea of the metal by overheating, 

Anderson and Capps^® say that carbon monoxide is a frequent 
constituent of melting-furnace atmospheres; also, that under normal 
conditions the atmosphere of most electric furnaces contains a high 
percentage of carbon monoxide. In the open-flame furnace of the 
Schwartz type, they found a maximum of 11.0 per cent, of carbon 
monoxide during the melting of aluminum. In numerous cases it was 
absent during the melting. On 38 samples it averaged 2.9 per cent. 
In the Detroit electric furnace, melting No. 12 aluminum alloy, they 
found a maximum of 42.8 per cent, carbon monoxide, a minimum of 
1.5 per cent., and on 15 samples, an average of 20.7 per cent. They 
make no comments regarding the effects of the various gases* on the metal. 

Keizo Iwas4^^ declares that carbon monoxide and carbon dioxide are 
soluble in hquid copper, the solubility decreasing with rising temperature 
(see Fig. 13). 

Edwards^® says that unsoundness is caused by hydrogen, oxygen, and 
sulfur in the liquid metal, these separating out as the metal solidifies. 

Woyski and Boeck^^ say, “Gas and shrinkage cause porous metal 
and intercrystalline fissures.’^ They also say, “Oxidation, gassing and 
shrinkage may produce effects very similar.” While the modern trend 
is toward this viewpoint, one still finds many references to “oxidation” 
as the most common cause of porosity. 

Literature of copper metallurgy contains many data on the influence 
of various gases upon copper. While highly suggestive, any apparent 
analogies between behavior of copper and of bronzes should be examined 
with caution. A recent paper of value is that by 0. W. Ellis, who 
directs attention to the work of Iwas4, showing marked change in 
absorption coefficients for various gases above and below the liquidus. 


G. Bamford and W. E. Ballard: Influence of Gases on High-grade Brass. 
Jyil, Inst. Metals (1920) 24, 155. 

This is possibly true, provided the atmosphere is kept as neutral as possible. 

J. Anderson and J. H. Capps: Constitution of Gas Atmospheres in Alumi- 
num-alloy Melting Furnaces. Chem. & Met. Eng. (1921) 26, 54. 

Gases in Aluminum Furnaces and Their Analysis. Idem (1921) 24, 1019. 

K. Iwas4: Occlusion of Gases by Metals and Alloys in Liquid and Solid States. 
Sd. Repts. Tohoku Imp. Univ. [1] (1926) 16 , 531. 

C. A. Edwards: Some Problems of Casting Metals and Alloys. Bull. British 
Non-ferrous Metals Research Assn. (1926) 17 , 11. 

B. Woyski and J. W. Boeck: Gas Absorption and Oxidation of Non-ferrous 
Metals. Trans. (1923) 68, 861. 

0. W. Ellis: Absorbability of Gases in Casting Copper and Effect of Adding 
Cuprosilicon. See page 443. 
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Ellis indicates that copper castings made under reducing conditions 
contain neither hydrogen nor carbon monoxide. He also calls attention 
to the necessity for ascertaining the condition of copper in respect to 
its content of cuprous oxide before determining the gas solubility. 

Examining tin-antimony-copper-lead alloys, Cowan^^ finds minute 
shrinkage cavities due to change in volume between solid and liquid 
phases of a low freezing point component where it last freezes after the 
bulk of the alloy has solidified at higher temperature. 

Porosity in Bronze Castings 

Unsoundness, or porosity, in bronze castings may arise from a 
number of causes; for example, cracks, blowholes, sand inclusions, dross, 
and cold shuts may cause leakage. However, the most serious cause 
of porosity is intercrystalline fissures, as shown in Figs. 1 to 6. When 
castings show this intercrystalline porosity, resulting in seepage under 
pressure, the fracture often has a reddish to chocolate appearance. This 
condition is commonly termed “oxidation.” 

The seriousness of bronze porosity varies with the design and service 
of the product. For example, the internal soundness of ornamental 
castings is a matter of little moment. It appears that many bearing 
metals are not seriously affected by slight porosity. Plumbers' goods, 
some fittings, and similar castings that have little machine work upon 
them, need not be as internally sound as highly finished articles such 
as valves, gears, etc. 

The character of product of The Lunkenhcimer Co. (valves and 
engineering specialties) demands severe inspection standards, and conse- 
quently use of very dense, sound metal (see Figs. 7 and 8). Discussion 
in this paper is devoted to intercrystalline porosity, often termed oxida- 
tion. The alloy most intensively studied is a high-grade steam bronze 
containing 6 per cent, tin, 4 per cent, zinc, under 2 per cent, lead, and 
0.5 per cent, nickel. 

For the greater period of this investigation all new metals were 
virgin. C. R. copper was used throughout. 

W. A. Cowan: JnL Inst. Metals (1928) 39. This author refers to work by 
Guillet, Galibourg and Ballay: Les Retassures Intercrystallines. Rev. de Mit. (1925) 
and Porosity and Physical Properties of Tombac. Abst. in Coni. Met. & Chem Eng. 
(1927) 2, 213. 

Pig. 1. — ^Navy G metal prom pump. X 100. 

Pig. 2. — Same as Fig. 1, X 500. 

Fig. 3. — Gas passed through metal when molten in crucible. X 100. 

Fig. 4. — ^Badlt gassed high-tin bronze. 

Fig. 5. — ^Unsound bronze poured at 2120® F. Tensile strength, 37,558 lb. 
PER SQ. in. X 100. 

Fig. 6. — Same as Fig. 5, but poured at 1920° F . X 100. 

Fig. 7. — Sound bronze. Neutral atmosphere. X 100. 

Fig. 8. — Sound monel metal. X 100. 
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Fig. 9. — Primary columnar crystallization. 

This formation is most evident when the metal is poured at rather high temperature 





A 





Fig, 10. — Coring. A, effect; B, constitution diagram. 
^rmg^Ii^iification of alloys of the solid-solution type^ selective crystallization 
causes the first particles to 1^ different in chemical composition from those separating 
later. _ The reasons for this are made clear by the constitution diagram. Each 
layer is different in composition from the preceding one, the number of layers is 
very great. 
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Our investigations show that a furnace atmosphere high in carbon 
monoxide has a most deleterious effect on the soundness of castings. 
Good design, proper pouring temperatures and proper gating are con- 
ducive to good castings, but while wrong pouring temperatures affect 
the density and thereby the strength of the metal, it is difficult to get 
internally sound castings from metal melted in gas, oil or electric 
furnace with an atmosphere charged with an excess of carbon monoxide. 

Alloys of the type herein considered are mostly solid solutions, with 
a large temperature interval between solidus and liquidus. This tem- 
perature interval, at certain pouring temperatures, promotes primary 
columnar crystallization (Fig. 9). The alloys also are subject to coring 
(Fig. 10), since time for equilibrium is not available in castings practice. 
Furthermore, such alloys are more influenced by liquid shrinkage than 
is supposed. Naturally, alloys with the characteristics enumerated are 
subject to segregation. 

In the preliminary steps in the investigation, it was evident that 
castings porous on the hydrostatic test always exhibited a discolored 
fracture, (Pressure used is at least 3}i times the recommended working 
pressure.) It was thought that this fracture appearance would afford 
an easy checkup of lots made under special conditions in the foundry. 
Some lots were run, foundry practice looked good, but at the test it was 
evident that no improvement had resulted. A clear or uncolored fracture 
in the foundry does not necessarily mean a sound casting, although the 
experienced eye can make a clever guess due to certain characteristics 
in the fracture. 

In certain cases other than the valve industry, the writers have seen 
discolored fractures in the foundry and in test bars. When the foundry 
fracture is discolored the porosity is very bad. In many cases where 
porosity is not excessive, the only answer short of the hydrostatic or 
pneumatic test is the microscope. The latter is a -very severe judge, as 
metal sound enough for most practical purposes may still have some 
interstices evident on magnification. 

Evidences op Incipient Shrinkage 

After extended study of operating conditions, castings design, micro- 
structure of alloys, etc., it was concluded that the fundamental causes of 
intercrystalline porosity are related to the shrinkage characteristics of 
the alloy; that, in fact, such porosity may be aptly termed incipient 
shrinkage.” The following evidences were considered: 

1. An ordinary foundry shrinkage cavity is characterized by varying 
amounts of perfect dendritic crystal skeletons. Just around the cavity 
is a spongy area. This may not be visible to the naked eye on either a 
machined or fractured surface but is quite evident after deep etching. 
Further away from the shrinkage cavity are areas that appear visually 
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sound even on deep etching. If these visually sound areas are etched 
and examined under the microscope a porous structure may be found. As 
the distance from the cavity is increased, the metal becomes more sound. 

2. Porosity is most common in sections of improper design — ^for 
example, where heavy sections run into light. The long temperature 
interval between primary and final crystallization, the apparently high 
viscosity of these liquids, and the differences in cooling rates between 
light and heavy ^tions, all promote feeding of the light section at the 
expense of the adjacent heavy section and consequently cause foundry 
shrinkage. When tested, such shrinkages often exhibit the regular 
darkened fracture called oxidation. 



/P5C> 


2/50F 


£300*F 


Fig. 11. — Eppect op poubinq tempbeatdee, showing cauliflowbe head. 

Top poured; not open to air; green sand. Alloy, tin, 6 per cent.; lead, 2 per cent.; 
zinc,, 4 per cent.; copper, 88 per cent. Bars 4-in. dk.; 10 in. long. 


3. The most porous sections occur in the center of the section rather 
than near the skin, thus the factors influencing porosity come into play 
near the latter end of the solidification period. This is characteristic 
of ordinary foundry shrinkage. (It might be explained here that this 
is a reason that highly machined castings are more difficult to make 
sound than are castings with the skin on.) 

4. Chilled castings rarely shrink or ^ow porosity. The rapid cooling 
cuts down the time interval, thus minimizing temperature gradients. 
There is less time for selective solidification and segregation; also for 
tho freeing of dissolved gases. 
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Fig. 12. — Peemeabilitt casting. *^Hi-hat.'’ 
Cross-hatched area represents metal machined away. 



Fig. 13. — ^Effect of redtjcing flame in gas fuknacb. 

Only castings machined all over were tabulated, and of those only 2d chronic 
offenders. When the reducing flame was discontinued the porosity dropped back, 
and when further changes were made the trouble on these castings was under 1.5 per cent. 
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5. It is well known that proper pouring temperatures help to minimize 
porosity. It is easy to show that castings poured at too low a tempera- 
ture cannot "'feed’" properly, and as a result often are unsound (a shrink- 
age effect). Furthermore, when poured at too high a temperature there 
is actual ejection of metal (causing cauliflower head) with consequent 
unsoundness beneath (see Fig. 11). This is probably due to 
gas rejection as well as to external contraction. The effects of pouring 
temperature on strength are quite marked when metal is melted under 
reducing atmospheres. As in other metals, the pouring temperature 
affects the crystallization characteristics. 

6. Proper gating helps to minimize porosity. The only way it can 
do this is by helping to counteract the tendency toward foundry shrink- 
age. Porous castings, which show the characteristic darkened fracture 
termed oxidation, often can be made reasonably sound by proper gating. 

7. Dissolved gases play a part in causing porosity. At first glance 
their effect may not seem related to shrinkage. During crystallization 
the mother liquor becomes more and more saturated with gases. At the 
moment of solidification their solubility is greatly diminished (see Fig. 
1 on page 444). Suppose that the saturation is excessive for solid metal, 
and that gases are rejected in the crystal interstices. This prevents feed 
back of the metal — causes shrinkage by preventing feed through back pres- 
sure rather than by pulling away metal, as a thin metal section would. In 
either case the effect is the same — ^insufficiency of liquid metal, hence 
shrinkage. Or take another illustration, when the metal is just saturated 
with gases, contraction (pull) sets in in the plastic material. Pressure 
is lowered — there is a force for evacuation — ^then some of the gas is freed 
more readily. This allows the contraction to pull apart the plastic 
crystals all the more easily. 


Investigation op Incipient Shrinkage 

Armed with the hypothesis that all intercrystalline porosity is 
incipient shrinkage, hence amenable to^ the same remedies as ordinary 
foundry shrinkage, practical work was undertaken on a large scale. 
Three lines of attack were outlined; namely, gating, furnace atmosphere, 
pouring temperature. Careful attention also was given to presence of 
impurities, to effect of fluxes and reactions of the furnace lining. 

In order to have a prompt checkup, the permeability test cup (Fig. 
15) was utilized. Careful check was kept on strength of metal, and 
detailed records of operating conditions were kept on many castings that 
were chronic offenders. As always, a record of general porosity was 
kept up. On the electric furnace a complete operating log was kept. 



J. W. BOLTON AND S. A. WEIGAND 


485 


Two types of furnace were used in the foundries, the open gas furnace 
and the indirect-arc electric furnace of 750-lb. capacity. 


Study of the Gas Furnace 

The gas furnace was studied first. The fuel used was mixed natural 
and artificial gas of the following average composition: ethane, 13.55 per 
cent.; methane, 57.60; carbon monoxide, 11.53; hydrogen, 12.73; nitrogen, 
2.69 (by diff.); carbon dioxide, 1.90; oxygen, trace. 

In spite of the fact that regular operating methods melted the metal 
free from excessive dross, it was feared that improper mixing of the gases 
in the burners allowed oxidation, therefore some 100,000 castings were 
made, over a period of several months, with the furnace atmosphere of 
the following average composition: carbon dioxide, 3.96 per cent.; 
oxygen, 1.20; carbon monoxide, 6.78. 

This gives what the foundrymen term a ^Tong^^ flame-and resulted in 
a rapid increase in porosity, as shown in Fig. 13. It was very evident 
that while the old practice was not ideal, increase in carbon monoxide 
and other reducing gases made things bad. It was very obvious that 
the burners and arrangement of air and gas were improper. Better 
mixing burners were substituted with the following average result: carbon 
dioxide, 11.8 per cent.; oxygen, 0.4; carbon monoxide, 0.9. More nearly 
neutral atmospheres effected radical increase in soundness in castings 
from these furnaces. 


Study of Indirect-arc Furnace 

Meanwhile records of the indirect-arc furnace were being analyzed. 
Shortly after installation of this furnace porosity began to mount (see 
Fig. 14). As the furnace is of 750-lb. capacity, the number of small 
castings poured from it is very large. Examination of the furnace 
atmosphere showed : 

Maximum, Minimum, Avbbagb, 
Per Cent. Per Cent. Per Cent. 

Carbon dioxide 16.5 4.8 10.0 

Carbon monoxide 68.6 1.1 25.0 

Oxygen « trace trace trace 

The ladles (dried and preheated) often boiled violently. This was 
particularly noticeable when charcoal was placed on the bottom — an 
action which from later experience we believe is analogous to the action 
of sand thrown into air-charged water. It was deemed desirable to 
produce a more neutral atmosphere in this furnace before working on 
gating and pouring temperatures. First of all, the bricks were left out 
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of the spout. This made little change in atmospheric composition. 
Then other means were taken to produce a neutral atmosphere. Gas 
analyses are taken twice daily. The following average monthly analysis 



Fig. 14. — Impeovement with netjteal atmosphere. 

Most of the castings involved in these tests were melted in the indirect-are furnace. 
Before installation of this furnace, porosity ran about 1.5 per cent. 



Fig. 15. — PBEMEABiurr casting chabt shows desirability op neutral atmosphere. 


is typical of pr^nt practice: carbon dioxide, 16.9 per cent.; carbon 
monoxi(te, 0.6; oxygen, 0.5. (See Fig. 15.) 

It was thou^t at one time ^lat some of the troubles might be due 
to impurities added inadvertently with the charge or picked up from the 
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furnace lining. Phosphor copper is added to counteract possible oxides, 
the amount varying from enough to produce a trace to enough to give 
0.02 per cent, in the finished product. Experiments showed that greater 
amounts discolored the castings, but gave no apparent improvement. 
Sulfur is present in small amounts, usually well under 0.02 per cent. 
With composition ingot metal 50 per cent, of new metal charge, this is 
somewhat increased, but it is always kept well under 0.04 per cent. 
When barium sulfate was used in experimental lots to offset the alleged 
evil effect of possible silicon contamination, the sulfur very rapidly 
mounted to 0.085 per cent., but no improvement was noted. Recent 
analyses of carbon in this metal by steel-combustion methods show 0.010 
to 0.016 per cent, carbon (by weight). This method appears open 
to question. 

Antimony is present in slight traces only. Analyses using the 
ammonium salt of aurin tricarboxylic acid indicate the virtual absence 
of aluminum. No analyses were made for arsenic or silver. Iron is low. 

Effect of Silicon 

At one time we were earnestly advised that silicon from the furnace 
lining was the alpha and omega of many bronze-foundry troubles. This 
theory was given a thorough trial: Analytical methods were checked, 
sound and unsound castings were examined, and tests were made on 
metal deliberately contaminated with silicon. 

Check on Analytical Method 

A sample of bronze, presumably silicon-free, was carefully ana- 
lyzed. It showed very slight traces of silicon. (Blanks were run on 
acids, glassware, filter papers, etc., involved in process.) Then, to 
this practically silicon-free bronze a definite amount of analyzed silicon 
bronze was added, (We happen to make this metal regularly.) We 
weighed out a certain amount of silicon-free bronze in a beaker and 
added a definite weight of silicon bronze. (We did not melt the two, 
as the percentage of silicon then would be problematical.) The amount 
of silicon added in this manner was 0.012 per cent. Analysis showed 
0.014 per cent, recovered — an additive error of one part in 50,000 
(10-gram samples). 

Examinaiion of Castings 

We took several lots of regular castings, made under neutral condi- 
tions and testing 100 per cent, sound, and ran a number of samples for 
silicon. The maximum percentage was 0.006 silicon. We then exam- 
ined several castings from very spongy lots, and found only traces 
of silicon. 



488 INCIPIENT SHRINKAGE IN SOME NON-FERROUS ALLOYS 
Tests on Contaminated Metals 

We made up several batches to which we added 0.110 per cent, 
silicon and used a neutral atmosphere. Average analysis after casting 
was 0.030 per cent, silicon. Castings were 0. K., fracture good, and 
average tensile was 39,459 Ib. per square inch. 

In our work the danger of contamination with silicon from monel 
metal, silicon bronze, etc., is present at all times. With the diligence 
and constant check exercised, we have yet to find as much as 0.020 
per cent, in regular product, and we feel that this amount is not even 
remotely dangerous in low-lead bronze. 


Effect of Furnace Lining 

From time to time manufacturers of electric furnaces have insisted 
that the lining of the furnace is important in its relationship to soundness 
of metal melted therein. At various times we have used several types 
of lining material, as advised by the manufacturers, including materials 
containing silicate and those containing silicide. Careful study con- 
vinces us that furnace lining is not important in its relationship to quality 
of metal melted therein under our own operating conditions. 

Basis of Operating Program 

Under date of Nov, 16, 1927, we reported to The Lunkenheimer 
Co. management as follows: “ . . .we believe that experimental 
work has reached a stage where diagnosis of troubles is accurate and 
fairly complete.’^ 

The operating program then laid out has been followed with no 
material modification, with most gratifying practical result. This 
covers melts of some 6,000,000 lb. of finished castings. 

The decrease in porosity loss is shown in Fig. 14. The present loss 
is lower than in days of crucible melting. The average strength of the 
metal increased some 5000 lb. per sq. in.^ — ^from about 34,500 to nearly 
40,000 Ib. per sq. in.®^ Ductility was improved, and uniformity of physical 
properties is good. We have had up to 45,000 tensile and 61 per cent, 
elongation with this alloy. A. S. T. M. specifications for similar mixture 
call for 32,000 tensile. 

Experiments with the porosity test cup are shown in Fig. 15. Gating 
was constant while temperature and atmospheric conditions were 
varied. This is a very rei^kable confirmation of the soundness of the 
experimental method. 

** In December, 1927, this had ixKMeased to 41,770 lb. per sq. in. average; 44,950 
maxiiaum. 
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Shortly after reaching a more neutral atmosphere many castings 
showed large shrinkage cavities in the gates and elsewhere. This was 
an encouraging sign. General incipient shrinkage had been concentrated 
into a local shrink or drawhole, which was readily remedied by regating. 



Fig. 16. — Cooling curve from center op 3-in. dia. test block, B2 bronze. 

The Lunkenheimer metallurgical department maintains an experi- 
mental foimdry where non-ferrous alloys are melted in a crucible furnace. 
Careful experiments, using an open-top crucible, demonstrated the 
deleterious effects of reducing atmospheres. In certain experiments 
gas was bubbled through the molten metal, which resulted in very bad 
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metal and a highly discolored fracture. Even in crucible melting we 
giet the best strength and soundness when a sharp flame is used. 

Conclusions 

Thus it is seen that the hypothesis that internal intercrystalline 
porosity in bronze is due to incipient shrinkage furnishes a sound working 
theory for shop application. That the phenomenon is shrinkage, as 
termed by the foundrymen, or lack of intererystalline coherence is quite 
evident and in line with metallurgical theory. That incipient shrinkage 
is aggravated or even caused by melting the metals under reducing 
atmosphere is a fact. For practical purposes the exact mechanism of 
this is immaterial. We regret that pressure of other work did not 
allow us time to include gas analysis of the metal by vacuum fusion. 
Just what such analyses would show is debatable. The interest lies in 
the occluded gases, those in the cavities. Because of the continuity 
of the fissures, accurate sampling presents a knotty problem. Further- 
more, the relative amounts of gas in fissures and dissolved in the metal 
would be most difficult -to establish. Carbon, monoxide furnace atmos- 
phere causes the trouble. Whether it does this by direct absorption 
and rejection, or through secondary reactions, is a question. Absorption 
and rejection is the most simple explanation. On the other hand, 
reaction of carbon monoxide and Qxygen within the metal could result 
in formation of carbon dioxide. If this is the case, why does thoroughly 
reduced and deoxidized metal show the same phenomena on the remelt? 
We tried 100 per cent, remelt several times. Or the gas absorption 
might materially change the fluidity and feeding characteristics of the 
iiaetai. If this is the case, why did we not find some changes in percentage 
of cold shuts on small thin castings? 

We have extended the work herein indicated to include other metals, 
such as 85-5-5-5 bronze, 88-10-2 bronze, monel metal, nickel bronze, etc.^^ 
These {^ibeequent experiences confirm our other work. 

The term ^^oxidized metal,'' as used to designate all discolored 
fractures and porous metal, obviously is inaccurate. While it is true 
that such conditions can be brought about under oxidizing conditions, 
the natural desire of the foundryman to keep the metal loss low and 
avoid excessive slag will encourage him to mamtain a more neutral or 
even reducing furnace atmosphere. 

Summary 

Internal porosity, commonly called oxidation, usually is traceable 
to general incipient shrinkage, which is very pronounced in metals 

** In albys containmg eutectic component the theory advanced by Cowan (p. 479) 
merits careful consideration. 
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melted under reducing atmospheres. It may be minimized by running 
a neutral atmosphere (by gas analysis, not by eye), by proper gating, 
and reasonable pouring temperatures. 
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DISCUSSION 

H. M. St. John, Detroit, Mich. — This paper is of a pioneering nature. There 
has been a great deal of discussion among foundrymen and metallurgists on the various 
factors that enter into the unsoundness of metal, but in few instances has there been 
a real effort to apply modem metallurgical tools to an investigation of this problem. 
These tools have been developed for the study of iron and steel more particularly, but 
application of them to brass and bronze should reap a rich harvest; this paper is 
certainly an excellent first step. 

W, F. Geaham, Mansfield, Ohio. — This paper is more or less loaded with dynamite. 
It hits directly at the condition of the metal as affected by various factors that in 
foundry practice are not thoroughly understood today. I have read the paper a 
number of times, with a background of work for about years on this particular 
phase of brass-foundry metallurgy. 

In introducing the results of their observations of the effects of incipient shrinkage, 
the authors have set forth in a striking way the conflict of opinion regarding the factors 
involved in the production of sound brass castings. In a measure their presentation 
has added to it. This statement is not made as a criticism of the accuracy of their 
data or of the sincerity of their interpretation, but in the belief that the results coming 
from a certain set of shop conditions cannot be set up as a measure or a guide in a 
study of this interesting subject by others operating under a different set of circum- 
stances. In order to apply such results properly, one must have exact knowledge 
of the character of the materials melted as regards their impurities, gas content, and 
so forth, and the detailed effects of the melting cycle. Unfortunately the means 
available to evaluate these factors are most limited at the present time. Ordinary 
chemical analysis is only a step in this direction. 

It is interesting to note that the authors feel that the eliminating of ''over reduc- 
tion,” a term which is used as general classification of a number of effects, has made 
such a marked change in conditions surrounding soundness of the metal in the cast- 
ings. At the Ohio Brass C5o. this is a condition often reproduced in an experimental 
way by our research metallurgists, but not emphasized by the metallurgists studying 
the condition of the metal in eastings, and here again we have the conflict of opinion. 

It is rather unfortunate that the authors have not seen fit to detail "the other 
means” referred to on page 486, which brought about the operating program noted 
two pages farther on, as it leaves the methods of accomplishment more or less in the 
dark to those not familiar with the operation of this type of furnace. 

The unrestricted use of the terra "porosity” may be confusing to those who 
associate it with definite microscopic inclusion of slag, drosses, sand or oxides. 
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L. W. Spring, Chicago, HI.— People who work with both steel and brass perhaps 
are too likely to carry thoughts from one over to the other and think that the metals 
behave similarly. Probably they do have many points in common. Often the 
practical foundrynian is much afraid of overoxidation, and undoubtedly we get it 
many tim^. On the other hand, there seems to be such a thing as overdeoxidation. 
When one tries to do a good job in reduction in steel, he may get into just as much 
trouble as though he had taken out the heat before the extreme in deoxidation was 
reached. That may not be '^incipient shrinkage.” It probably is more along the 
line of blowy ” metal, but it is hard sometimes to tell the difference between shrinkage 
and some blowholes, or overdeoxidized metal. 

The brass refiner is worried at times about overpoled metal, when brass is refined 
in the reverberatory furnace. They oxidize first to get rid of some of the things 
they do not want, and then deoxidize by poling with a sapling to reduce the metal, 
but the brass refiners seem to recognize that overpoled metal is a serious thing, and, 
of course, their problem, like Mr. Bolton's appears to be to stop at the right place. 

It may be that it is much the same as with steel. When we try to melt down and 
save silicon — ^in other words, melt down at the right composition — ^we have silicon 
present. In superheating, gas probably is absorbed which later is given out during 
cooling. Mr. Bolton's problem may be a different thing, but there may be a similarity. 

The author does not make it quite clear about the higher compositions. He 
speaks of 85, 5, 5 and 5, which, of course, means 5 per cent, lead, and he speaks of the 
effect of silicon. At one time we had a furnace where white hot coke in presence of an 
dieetric arc came into contact with some of the brass of approximately the composition 
85, 5, 5 and 5. We got approximately the same sort of castings as when aluminum 
was used. Even very small quantities of aluminum brass with high lead content 
give casiangH which leak. With the metal referred to, which had no alximinum in it, 
we got castings which had white deposits on the outside, and gave a very high per- 
centage of leakers. Upon analysis, we found silicon. We repeated the test by 
ui^x>ducing into new brass certain amounts of silicon, with the same result. With 
approxunately 5 per cent, of lead, the maximum silicon we could use without getting 
kakere was approximately 0.04 per cent., and judging from Mr. Bolton's statement 
that 0.10 per cent, was not harmful, he must have had low lead. 

Tim brings up one more point — ^the right of chemist, metallurgist or foundryman 
to reject oompoeition metal which he is buying. In buying composition ingots, we 
analyze every carload, and make a sample lot of castings from it. Occasionally, we 
have not found by chemical analysis reason why certain ingots will not give good 
castings. ITiat is an unfortunate situation for one wants to reject the metal and the 
refiner, very nataraily, wants to have a definite reason why. This means, of course, 
that the scknrific man must go farther in investigating the effects of various com- 
binations and find out the reasons why such brass will not make satisfactory castings. 

J. W. Boscfx, Buffalo, N. Y. — ^It is gratifying to me to have the results published 
by Mr. Woyski and myself in 1922 substantiated so aptly as they have been by Mr. 
Bolton and his coworkerj consequently there is no adverse criticism on my part. 

There is only one thing that I woxild like to advance as a further proof that reduc- 
ing gases are detrimental and cause intercrystalline fissures, or incipient shrinkage; 
when the metal is melted in open-flame furnaces and badly gassed, you can actually 
see the gas take fire while solidification is occurring. We have observed this a number 
of times in experimental work. 

G. E. Daibet, East Berlin, Conn. — ^In the British Institute of Metals there is a 
paper presented by D. R. Tolst, covering the removal of gas from aluminum alloys, 
in which he m^itions that there were certain small added impurities that would cause 
the gas to be eliminated in larger quantities on solidification. In other words, maK- 



MSCUSSION 


493 


nesium and calcium apparently disturbed the equilibrium existing between the solid 
alloy and the gas at the moment of solidification caused an excessive amount of gas 
to be liberated; also, there was considerable foundry trouble due to this. Has Mr. 
Bolton noticed any such condition in the alloys that he worked with? 

M. G. Corson, New York, N. Y. — I am not going to discuss the practical 
side of Mr. Bolton’s paper, and I hope that shortly Mr. Bolton will be able to produce 
castings with even more strength than now observed by him. The alloy which he 
used does not in the rolled state come below 56,000 lb. strength, and there is no reason 
why, if cast imder good conditions, it should show much less. What I will try to do 
is to criticize certain statements. 

Regarding gas analysis in the furnace, Mr. Bolton gives a figure of 68.6 per cent, 
of carbon monoxide in the gas over the metal. I do not see how that percentage 
would be obtained unless the work was done in an oxygen or a CO atmosphere. 

In Fig. 9, the authors give a general idea of how metals crystallize which is open 
to criticism. The columnar crystallization is a general fact only in alpha type 
copper, or more generally in alloys which crystallize with the face centered cubic 
lattice. A beta copper alloy of any kind does not crystallize in the columnar type. 
The same is true with nearly all alloys which belong to the delta iron group. For 
instance, iron with about 10 per cent, aluminum or silicon will always be equiaxed 
and this columnar shape will not appear. 

Tin bronzes occupy an intermediary position, but in any case they have less 
tendency to form columnar crystals than any other alpha alloys of copper. So while 
an alpha brass would form thin, long crystals reaching from the skin nearly to the 
center, the tin bronzes have a tendency to crystallize in small, more or less equiaxed 
crystals, and this applies to alloys with either 6, 8 or 10 per cent. tin. 

I believe that it is due to the fact that no high-tin bronze above, even with, about 
5 per cent, tin will crystallize completely as an alpha solid-solution alloy, be it either 
chill-cast or sand-cast. There will always be some delta present, and while I cannot 
account for the mechanism of its action, whenever delta appears the grain becomes 
rather small and equiaxed, and the boundary is not as smooth as it is in brasses or 
aluminum bronzes. 

We have aluminum bronzes with 10 per cent, aluminum which show about 100,000 
lb. ultimate strength, and still they are not good for pressure casting. High-strength 
brasses, of the manganese bronze type, may also show 100,000 lb. strength, and again 
they are not good for this purpose. Something is wrong with them, which is due to 
the type of crystallization. The grains are sharply defined and have a smooth 
boundary. The boundary substance is distributed along a small total surface; 
consequently it is fairly thick, and there is a substantial amount of space for gas 
waves to pass along them. 

In tin bronzes, due to their equiaxedness and to the ragged boundary of the grain, 
it is far more difficult for the gas to pass, and this seems to be the reason why for many 
years, tin bronzes have been used in preference to other copper alloys, in spite of their 
higher price and their comparatively low tensile strength. 

The diagram of Fig. 10 does not apply to copper-tin alloys, but even had it done 
so, in the case of the alloys Mr. Bolton experimented the 4 per cent, zinc and 2 per 
cent, lead would make it impossible to predict how they would crystallize. In other 
words, the diagram of Fig. 10 does not apply for this reason: if we take a horizontal 
cross-section of the ternary diagram we get curves where this horizontal plane crosses 
the solidus and the liquidus surface and if we have a composition between these 
curves, the one thing which we know beforehand is that the compositions of the 
crystals and the liquid must be always on a straight line, but we cannot foretell the 
composition of the crystals and the liquid for a given temperature. 
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The first two photomicrographs of gun metal show nothing but that there was too 
much distorted metal on the surface of the sample to be of any value for the purpose 
of illustration. 

The gassed samples of Fig. 4 are shown etched. Had they been left unetehed, 
pinholes and blowholes, and possible fissures between the grains would have been 
visible. The etching obliterated somewhat these features and one cannot actually 
tel! from the photographs that the metal was gassed. 

Figs, 5 and 6 do not show any unsoundness. I believe that in cases of this kind 
the alloy must be first well annealed, and then be shown first unetched, so as to make 
visible fissures or anything else which the author may want to accentuate. 

H, M. St. John, Detroit, Mich. — Every foundryman who has worked with brasses 
and bronzes in a furnace having reducing atmosphere has experienced the particular 
difficulty mentioned by the authors of this paper. The peculiar discolored fracture 
obtained under certain conditions is unmistakable to anyone who has had experience 
with it It cannot be confused with anything else. 

Naturally, since this effect seemed invariably to appear when there was a reducing 
atmosphere, and seldom, or never, is found when there is oxidizing atmosphere in 
the furnace, it is not unnatural for the experimenter, or any person having this experi- 
ence, to assume that the reducing atmosphere is responsible. That was the conclusion 
reached by the authors of this paper, and that conclusion, I think should be taken with 
some reservation. 

The evidence given, while it all tends toward this interpretation — I have no quarrel 
with the evidence — is not conclusive enough to justify us in assuming that carbon 
monoodde is directly responsible for this condition. 

Hundreds of thousands of tons of foundry brass and bronze have been melted in 
the normally reducing atmosphere of the arc furnace with good results. Just how 
much bad metal has been made under those same conditions, it is impossible to say, 
bfut I think it probably would be reasonable to say that it is something less than 1 
per cent, of the total melted. It would seem a little dangerous to assume that the 
results we get in 1 per cent, of the cases are to govern our conclusions and to ignore 
the other 99 per cent. 

Hicre is a possibility, although the authors have attempted to eliminate it, that 
the difficulty ndPerred to, which is a very real, serious difficulty, is due to the presence 
of solid metallic or nonmetallic impurities in the metal. If we assume that to be the 
case, we ^»>uld remember next that such impurities are usually subject to oxidation. 
Qxkiisng brass is the commonest method of refining it. We get rid of iron, aluminum 
and the like in that manner, and if we have such an impurity, for the sake of argument, 
which is giving us this particular difficulty, quite obviously when we have a reducing 
atmosphere in the furnace the impurity gets a fuU chance to work, there is no tendency 
to remove it, and the result is as described. On the contrary, with an oxidizing 
atmosphere, if tiie impurity is not present is too great an amount, it should be removed. 
That is another possible explanation of the results given. 

There is a good deal of evidence to the effect that silicon is responsible for this 
peculiar disoofered fracture. 

We have had in our foundry and in our laboratory several years of experience 
wilh tins shrinkage condition and have carried on a number of experiments. These 
I hope to describe and to bring forward the evidence in the sumposium next year. 

I can simi^y state a couple of points now. We have found in the laboratory, using 
viigin metal, ehmmating other impurities as far as possible, that we can exactly 
duplicate ibk fracture and the mknxiefcmeture shown in this paper by the addition 
of metallic silicon to virgin metal. It can also be duplicated by other means. It 
can be obtained in the foundry by the reduction of siheon, presumably from the lining 
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or from the foundry sands that may be mixed with the metal. It can also be obtained 
from silicon carbide in the lining. 

There is substantial evidence to back up each one of those points. I would not 
say that this evidence is conclusive, but at least it is sufficiently impressive to leave 
the question open, and I think that as we get the papers which should follow as the 
result of this opening paper, we are due to learn a good deal more about it. At the 
moment we should simply avoid forming any too definite conclusion as to the cause 
of this really serious difficulty. 

One point perhaps should be mentioned: yellow brass, straight copper and zinc, 
whether or not it contains lead, is not likely to show the structure given in the paper 
even if it contains silicon. It probably will show a bad surface and look as if it had 
aluminum in it. There may be pit holes in the surface, but in the structure itself 
intercrystalline fissures are not likely to be found in such an alloy. 

To confirm what has been said by Mr. Spring, I would add that our experience 
indicates, with an alloy of approximately 85, 5, 5 and 5 composition, that the minimum 
silicon that would cause serious trouble is less than 0.1 per cent. With other alloys 
and other conditions, it might, of course, vary. 

R. J. Keeley, Philadelphia, Pa. (written discussion). — This paper should be of 
particular interest to foundrymen who are daily confronted with porosity or shrinkage 
difficulties. We have had considerable experience with porous castings and our 
investigations confirm the conclusion reached by the authors; namely, that porosity 
or shrinkage may be due to a great many causes, such as slow melting furnaces, lo'^ 
pouring temperatures, melting under highly reducing conditions, use of charcoal on 
the bottom of ladles, and in the case of castings not of uniform thicknesses, the 
presence of phosphorus in the metal. Phosphorus retards the solidification of the 
metal and thereby induces shrinkage. 

As this problem is of vital importance to the non-ferrous foundry industry, particu- 
larly in the manufacture of pressure eastings, we believe that some research work 
would be advisable to study the peculiarities of fractures produced under the various 
conditions enumerated In this way the cause of the difficulty may be identified 
and eliminated. 

J. W. Bolton. — Mr. Graham spoke of our use of one type of furnace. As a 
matter of fact, these conclusions were equally applicable to the three types of furnace: 
the gas crucible type, the gas-fired open-flame furnace, and the indirect-arc furnace. 
The majority of the conclusions were based on extended study of one alloy, and 
caution is necessary in applying any generalization until other types of alloys have 
been experimented with. The solubility of gases, for example, could vary according 
to the percentage of major constituents and also because of the presence of a small 
amount of various impurities. 

Mr. Spring calls attention to analogies in steel-casting practice and to the poling 
of copper. The analogy could be drawn also in the case of gray cast iron. These 
phenomena of microscopic cavities all seem to be interrelated. Our first key toward 
a solution of this non-ferrous difficulty resulted from previous knowledge of iron 
foundry practice. 

As regards charcoal covering the metal in a furnace operating under a highly 
reducing atmosphere, there is a possibility that the charcoal in that case may act in 
a quite opposite manner from that which we might normally expect. It is obvious 
that in an atmosphere of carbon monoxide, charcoal is not going to be a very strong 
reducing agent; carbon monoxide is already present and the charcoal may serve as a 
mechanical blanket. 

Everyone has had experience with lead alloys and they cannot be overlooked; we 
realize that silicon contamination has a bad effect. In our results we keep away from 
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silicon and even when we added silicon deliberately, we came out with only 0.03 
per cent. 

The remarks of Mr. Boeck regarding the lighting of gases from exudation forma- 
tions are interesting, showing that reducing gases of some nature, depending on the 
material used, whether hydrocarbons or carbon monoxide, must be present in 
the metal. 

Mr. Dalbey spoke of the effect of impurities in aluminum alloys. That is a matter 
that must be investigated before general application of this theory can Le made. 
The results obtained in this paper apply to one shop and largely to one alloy, although 
we found that our conclusions seemed to be substantiated by other results, and we 
got like results on certain other alloys. 

In so far as the gas analysis is concerned, these samples are very carefully checked. 
We use an Orsat and I think that most users of this instrument will recognize that our 
chances are of getting too little carbon monoxide in our analyses rather than too much, 
as the absorption power of the solution is very rapidly dissipated. 

The various figures on Figs. 9 and 10 were not intended to represent exactly the 
alloy under consideration. They were just sketches to refresh in our minds the charac- 
teristics of crystallization of materials of solid-solution type under consideration. 

As far as crystallization in this alloy and other alloys of its type is concerned, there 
are conditions, in some cases due to the presence of impurities and in others due to the 
pouring temperature, where you may have and do have equiaxcrystals. As a matter 
of fact, in these stronger materials we have a larger percentage of equiaxcrystals, and 
id materials that tend to be porous, we have a much greater percentage of columnar 
crystallization. Therefore, it is quite evident that the crystallization characteristics 
can be changed according to the foundry operation. 

There was a reason for etching the photomicrographs of Figs. 1 to 8. With 
reference to the criticism of Figs. 1 and 2, of course, one would have to take the 
microscope and examine the sample to determine whether or not it was dragged. 
As far as Kgs. 3 to 8 are concerned, we etched those in such manner that we avoided 
obscuring the actual occurrence of cavities by the shadows of the dentritic formations- 
but also the etching indicates the positions of these cavities in regard to the crystal; 
iization characteristics of the material. That is a point of value and interest in the 
substantiation of the theory herein involved. In the particular alloy that was 
examined here, we were very careful to keep away from the delta eutectoid. 

Mr. St, John mentioned the discolored fracture, implying that its necessary 
asaociatkms were conditions resulting in intercrystalline fissures and porosity. We 
have found tlxat lhat does not necessarily follow. There can be good-looking fractures 
from point of view of color, and exceedingly porous metal on the test. It all 
depends on whether the castings are put under hydrostatic tests which discolor the 
metal interstioes, or whether the casting is broken before the interstices are discolored. 

Good results m^ti<Mied by Mr. St. John, obtained by various manufacturers, are 
only qualitative. To find out what is good metal and what is bad metal, the porosity 
test cup illustrated in the paper (which is made cut down in. wall all over and 
subjected to gas pressure) will give a very severe test of alloy. The question of 
absolute soundness and commercial soundness are not analogous. An absolutely 
sound alloy is not a necessity on a pressure test. A few fissures may not ruin its 
engineering usefulness. 

I am rather inclined to agree with Mr, St. John^s warning as far as silicon is con- 
cerned, and r^arding other impurities, that these may upset the conceptions drawn 
on a ^mple alloy of this type. The silicon in this particular case was kept down to a 
negligible percentage, so we feel that it had very little to do with the results obtained. 

This paper is of a pr ^iminaiy nature, and it follows the paper written by Boeck 
and Woyski. We must try out the simple thin^before we get into the more difficult. 
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W. A. Cowan recently presented a valuable paper^^ in which he showed that in 
certain systems containmg eutectics, some components differ in contraction, and this 
phenomenon causes microscopic cavities in the metal. Thus this factor may be 
added to those enumerated hy Mr. Weigand and myself on solid-solution alloys as 
one giving rise to incipient shrinkage in certain eutectic-containing alloys. Mr. 
Cowan has called to our attention two significant papers not mentioned in our refer- 
ences. These are “Les Retassures Intercrystallines,” by Guillet, Galibourg, and 
Ballay, and Porosity and Physical Properties of Tombac (Red Brass)” as abstracted 
in Continental Met. & Chem. Eng. 


W. A. Cowan: Minute Shrinkage Cavities in Some Cast Alloys of Heterogeneous 
Structure. Jnl. Inst. Met. (1928) 39, 53. 

2 ® L. Guillet, J. Galibourg and M, Ballay: Les Ret assures Intercrystallines. Rev. 
de Met. (1925) 22, 253. 

Porosity and Physical Properties of Tombac (Red Brass). Abst. Cent. Met. & 
Chem. Eng. (1927) 2, 1213. 



Some Observations in Heat Treatment of Muntz Metal 

By L. Russell van Wert,* Pittsburgh, Pa. 

(New York Meeting, February, 1929) 

During an investigation in which the solubility relations of the 
phases in Muntz metal (60 per cent, copper, 40 per cent, zinc) were under 
study, certain phenomena that had no immediate connection with the 
main problem were observed, which were thought sufl&ciently interesting 
to study further. Because of lack of time, only a preliminary survey 
was made of two of these; namely, the cleavage structure developed 
under certain conditions in a 60:40 brass and abnormal grain growth in 
this alloy. 

Cleavage Structure in Heat-treated Muntz Metal 

Carpenter noted many years ago that cold-working a brass of the 
Muntz metal type, which had been quenched previously from within the 
beta field, results in a partial breakdown of the supersaturated beta 
solution and the precipitation of the solute (the alpha solution) in the 
cleavage planes of the beta grains. This manner of rejection of a solute 
from a metastable solid solution is not peculiar to this particular alloy, 
for among others, it occurs in the cold-working of certain austenitic steels; 
for example, the austenitic nickel steels. In these ferrous alloys, cold 
deformation produces a partial decomposition of the austenite, with the 
formation of martensitic “needles’^ and zigzags in the austenitic poly- 
hedra. It is interesting to note that while the two solid solutions — 
austenite and quenched Muntz metal — are metastable and in their mode 
of decomposition behave quite alike when deformed in the cold, the 
metastability of each results from a different cause; viz^, that of the 
austenite from the fact that it is a supercooled solution (its solvent, 
gamma iron, at ordinary temperatures is below its normal stable range) 
whereas the metastability of the quenched Muntz metal is the result 
of supersaturation. 

When a 60:40 brass is quenched from above 800° C. — that is, from 
within the field where the beta phase alone is stable — this solution is 
retained practically intact and the alloy so cooled is found to consist 
almost entirely of polyhedra of this solution with only a little alpha pres- 
ent ordinarily at the boundaries of the beta grains — the result of a slight 
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decomposition of the beta which even the rapid rate of cooling was not 
suflScient to completely prevent (see Fig. 1). 

While ordinarily the place of greatest instability of the supersatu- 
rated beta solution occurs at the grain boundaries, on occasion some 
rejection of the alpha solution on quenching may occur also within the 
beta polyhedra. In Fig. 3 may be seen the microstructure of a quenched 
brass showing alpha in the cleavage planes of three of the five grains 
present. Obviously, then, decomposition of the beta solution is not, in all 
cases, confined to the boundary surfaces; it may take place, as in this 
instance, to some extent within the grains and, probably because of 
certain atomic relationships present along the cleavage planes which 
make for instabiHty there, all intragranular decomposition takes place 



Fig. 1. — 60:40 BRASS QUENCHED FROM Fig. 2. — 60 : 40 brass quenched (H 2 O) 
850° C. NH 4 OH + H 2 O 2 ETCH. X 220. FROM 850° C. Reheated to 750° C. for 

K hr. Acid FeCb etch. X 220. 


along these planes. Boundary decomposition results doubtless from the 
same general fundamental cause and is the more frequently occurring 
type only because the stability of the interface between materials differ- 
ently orientated is less than the stability of the cleavage plane on both 
sides of which lies material of the same orientation. 

It is interesting to note in this connection that the parallel markings 
indicating the presence of the intracrystaUine rejected alpha have one 
end, and in the smaller grains both ends, extending to the boundary. 
However, it is not believed that the rejection of the alpha to the bound- 
aries preceded the rejection to the cleavage planes. That may be the 
case, and often is, but when intercrystalline separation precedes, in point 
of time, the intracrystalhne, the alpha in the planes does not take on as 
definitely the parallel markings as is shown in Fig. 3; neither do the 
alpha “fingers'’ extend so deeply within the grains, nor are they of 
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constant width, naturally becoming wider as they approach the 
parent boundary. 

The alloy of which the structure is shown in Fig. 3 was the standard 
60:40 composition but carried 0.33 per cent. lead. The author has 
observed that lead, in amounts as small as 0.3 per cent., decreases the 
stability of the supersaturated beta solution. This may account for 
the rather unusual behavior of this particular alloy, and may be explained 
by the insoluble lead globules acting as nuclei initiating decomposition 
within the grains. 



Fig. 3. — 60:40 brass quenched from 850® C. NH4OH + H2O2 etch. X 220. 


The quenched alloy, consisting of the homogeneous but metastable 
beta solution, on reheating to temperatures below 800° C., undergoes 
decomposition again with the rejection of the alpha phase but to a much 
larger extent than in the preceding the rejection occurs in the cleavage 
planes. Fig. 2 shows the structure of a quenched specimen reheated for 


Fig. 4. — Same alloy as Fig. 2, quenched (H 2 O) from 850® C. Reheated to 
750® C. Acid FeCb etch. X 220. 

Fig. 5. — 60 :40 brass alloy quenched (H 2 O) prom 850® C. - Reheated hr. to 
750° C- Acid FeClg etch. X 220. 

Fig. 6. — Alpha island in allot quenched (H 2 O) from 850® C. Reheated to 
750® C. a HR. Acid FeCU etch. X 465. 

Fig. 7. — 60:40 brass allot slowly cooled from +800® C. Reheated hr. 
to 750® G. NH4OH + H2O2 etch. X 220. 

Fig. S. — 60:40 brass alloy quenched (H 2 O) from 850® C. Cold-worked. 
Reheated to 250® C, fob hr. Acid FeCU etch. X 220. 

Fig. 9. — 60:40 brass allot quenched from +800° C. Cold-worked. 
Reheated to 250° C. fob hr. Acid FeCl* etch. X 220. 




501 





o02 SOME OBSERVATIONS IN HEAT TREATMENT OF MUNTZ METAL 

<2 lir. at 750^ C\ The groundniass is the beta solution and the lighter 
colored, isolated areas are alpha. The general elongated character of 
these indicates that the alpha was precipitated in the cleavage planes. 
Fig. 4 gives the niicrostructure of the same (quenched alloy reheated to 
750° C. but not held at that temperature. If anything, the cleavage 
structure is more prominent after this shorter heating, probably on 
account of the smaller alpha areas (the result of lack of sufficient time 
for growth) obscuring less than in the preceding their mode of origin. 

Fig, 5 shows the structure of another quenched alloy reheated to 
750^ C- These three photographs (Figs. 2, 4 and 5) show the same 
general tendency of the alpha solution to segregate along the cleavage 
planes j they also show the mechanism whereby the precipitated alpha 
is taken back into solution with rise in temperature. Heating a quenched 
alloy results (1) in the breakdown of the metastable beta solution and 
the precipitation of the solute preferentially in the cleavage planes of the 
beta; (2) when the temperature is raised sufficiently, in the re-solution 
of this solute. It is this process of re-solution, in an arrested stage, that 
is shown in Figs. 2 and 5. The temperature (750° C.) to which these 
alloys were reheated is only 50° C. below the point at which solution of 
the alpha is complete, thus at this temperature solution is rather well 
advanced. Obviously, then, the several rectangular alpha areas in the 
photomicrographs are the remnants of much larger areas; they represent 
alpha masses in the process of being dissolved. 

The interesting feature of this re-solution process is its peculiar 
mechanism; namely, solution occurs exclusively at the ends of the 
rectangular areas — ^in other words, the alpha “islands^' remain constant 
in width during the dissolving process and decrease in size takes place 
through reduction in length alone. Fig. 6 shows one of these “islands” 
at higher magnification (465X). This reveals clearly the way in which 
solution of the alpha proceeds. It is evidently the result of a less stable 
condition (as regards immiscibility of the two phases) at the end inter- 
faces of the alpha masses and the beta matrix than at the lateral inter- 
faces. This, in turn, may be the result of an enforced placement or 
orientation of the alpha material in the planes due to its originating in a 
space more constricted in one direction than in others. This possibility 
seems to have justification in the circumstance that ^^directional solu- 
bility” exists only when the alpha phase originates from a supersaturated 
solid solution; that is, only when it separates along the cleavage planes 
of the beta polyhedra. When it forms in the more usual way by a slow 
precipitation from a solution that is merely saturated (and when no 
pronounced segregation in the planes takes place), the alpha ''islands” 
are rounded, and on reheating these are dissolvediequaliy in all directions. 
Fig. 7 shows the structure of an alloy that was slowly cooled from above 
800° C., then reheated to 750° C. for 3^ hr. Residual alpha is present, 
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but unlike the alpha shown in Figs. 2 and 5, it occurs as more or less 
rounded masses. On the slow cooling, the alpha did not segregate to 
the planes and on re-solution during heating it dissolved uniformly. 

As mentioned, cold-working a quenched alloy results in the precipi- 
tation of a part of the alpha phase. It was thought quite possible to 
accentuate the cleavage structure on reheating by cold-working the 
quenched brass prior to the reheating. Figs. 8 and 9 give the structures 
of two specimens of such cold-worked (hammered) and reheated (to 
250° C. for hr.) brasses. Each specimen had been quenched from 
above 800° C. previous to the cold-working. The alpha phase has evi- 
dently been rejected to the slip planes produced in the cold deformation. 
When compared to the structure of the same alloy similarly treated, with 
the exception of the cold working (see Fig. 10), one sees the effect of cold 
deformation in the lessened stability on the reheating. Fig. 11 is the 
structure of another specimen developed by cold deformation followed 
by reheating to 500° G. for 3'^ hr. The higher heating produces a more 
decided cleavage structure. 

Abnormal Grain Growth in Quenched Muntz Metal 

It was observed that if a 60:40 brass, quenched from 800° G., were 
subsequently reheated to the beta range and quenched, the grain size 
was much larger than after the first heating and quenching treatment; in 
many instances, grain growth during reheating proceeded to so great an 
extent that only two or three grains, or even a single grain, occupied the 
entire section (3^-iii. dia. round rod). Moreover, this abnormal grain 
growth did not occur, if the reheating temperature fell short of that 
necessary to redissolve all of the alpha phase; neither did the rate of 
heating through the 470° C. (/3^ — ^ jS) transition affect grain growth. 

Fig. 12 is the normal structure of a 60:40 brass quenched from 800° G. 
The alloy had been slowly cooled from above 800° G. before this 
treatment. The grains are the beta solid solution, the darker network 
is the alpha. Fig. 13 shows the structure of the same alloy reheated to 
800° G., held at that temperature for 3^ hr. and quenched. A compari- 
son of Figs. 12 and 13 shows the large increase in grain size that occurs 
on the reheating. The structure of the quenched 60:40 alloy after 
reheating to 750° G. for 3^ hr. and again quenching is given in Fig. 14. 
No grain growth took place at the point where some unabsorbed alpha 
remains, on the reheating to this lower temperature. Fig. 15 gives the 
structure of this alloy after a second reheating to 750° C, and a sojourn 
there for 3^ hr. Again, no marked grain growth has occurred. 

Inasmuch as the beta grains of the slowly cooled alloy exhibit no 
growth abnormality on reheating to the beta range, while those of the 
rapidly cooled (quenched) alloy do, the explanation of the excessive 
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Figs. 10 - 15 . — (Captions on opposite page.) 
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grain growth in the latter must apparently be sought in the somewhat 
(assumed) strained condition of the beta phase in the quenched alloy, 
which on reheating to 800° C. induces an excessive grain growth. As to 
the failure to develop an abnormal growth of grain in the quenched alloys 
reheated to 750° C., (Figs. 14 and 15), apart from the lower temperature 
involved, which in itself may account for the lessened tendency for 
growth, it is probably true also that the numerous scattered islets of 
residual alpha act as inhibitors to growth. At least, on the complete 
disappearance of the alpha, at but 50° C. higher, marked growth in the 
strained (?) beta occurs. 


DISCUSSION 


A, J. Phillips, Waterbury, Conn. — The author quotes Carpenter to the effect 
that beta brass when cold-worked partly breaks down by the precipitation of alpha 
along cleavage planes. Unfortunately he does not give the reference and I have 
been unable to find it in a rather hurried search. I wonder if it is not possible that 
these “needles” referred to are mechanical twin bands rather than precipitated alpha. 

In my experiments with beta brass I have found “needles” appearing upon cold 
working but they were not even suggestive of precipitated alpha and resembled more 
Neumann bands in iron. Professor Mathewson^ has recently proved that Neumann 
bands in body-centered cubic iron are indeed twin bands and it is natural to assume 
that similar bands in body-centered cubic beta brass are also twin bands. 

I believe that the fine lines shown in Fig. 3 of Mr. Van Wert’s paper are due 
essentially to mechanical twinning as a result of contraction strains set up in quench- 
ing. While the needles do not contain alpha when first formed, conditions are such 
that alpha will immediately precipitate along them if the quench is delayed or if a 
secondary heat treatment is resorted to. 

Fig. 16, which I have prepared, shows naval brass quenched from 800° C. in hot 
oil. The large dark areas are unquestionably precipitated alpha, but the fine needle- 
like areas, I believe, are mechanical twins, possibly caused by the strains set up in the 
precipitation of the alpha. Fig. 17 shows one of these areas at a higher magnification 
and Fig. 18 shows the influence of these needles on the precipitation of alpha. This 
is further shown by Fig. 19 at a lower magnification. 

Fig. 20 shows a specimen very actively quenched from the beta range and reheated 
for several hours at 300° C. The preponderance of twinned alpha crystals in the 

1 C. H. Mathewson and G. H. Edmunds: The Neumann Bands in Ferrite. Iron 
and Steel Technology in 1928. A, I. M. E. 

Fig. 10. — Same allot as Fig. 9 quenched fkom -|-800° C. Reheated to 250° C. 
NH4OH -b H2O2 ETCH. X 220. 

Fig. 11. — 60:40 BRASS alloy QUENCHED (HzO) FROM -1-800° C. Cold-worked. 
Reheated to 500° C. for hr. Acid FeCh etch. X 220. 

Fig. 12 . — Normal structure of 60:40 brass quenched (H 2 O) from 800° C. 
NH 4 OH -h H 2 O 2 ETCH. X 11. 

Fig. 13. — Same alloy as Fig. 12 quenched (H 2 O) from 800° C. Reheated to 
800° C. FOR hr. NH 40 H-i- H 2 O 2 and acid FeCls etch. X 11. 

Fig. 14. — Same allot as Fig. 12 quenched (H 2 O) from 800° C. Reheated to 
750° C. FOR HR. Acid FeCls etch. X 11. 

Fig. 15. — Same alloy as Fig. 12 quenched (H 2 O) from 800° C. Reheated to 
750° C. FOR M hr., quenched and reheated to 750° C. for hr., and quenched. 
Acid FeCh etch. X 11. 
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specimen indicates, to iny mind, that the mechanism of precipitation is such that 
only certain alpha orientations can be produced in any crystal. It further suggests 
that along any crystal plane possibly only two orientations, showing a twmned 
relationship to each other, can be produced. Fig. 21 is of a specimen heated to 
650° C., and shows this preponderance of only a few orientations. It should be 
noticed that certain straight bands of alpha are light while others, parallel to them, 
are dark, immediately suggesting a twinned relationship. 

F. H. Clark, New York, N, Y. — I agree entirely with Dr. Phillips regarding Fig. 
3. Twins are often visible in quenched 60:40 brass with the beta structure and are 
due to the fact that the beta is unstable. Possibly the shock of the polishing opera- 
tions may have aided in the formation of the twins. These mechanical twins, or 
Neumann bands, at about 3000 dia. magnification, show distmct parallel markings 
that could never be confused with the fine structure of alpha, which we sometimes 
call sorbite because it resembles sorbite in steel. 

In regard to Figs. 8 and 9, I might say to Dr. Phillips that the structure of the 
cold-worked beta simply shows the large beta grains loaded with slip bands due to the 
cold working. On reheating below 470° C., the alpha is precipitated as Mr. Van 
Wert has shown in Figs. 8 and 9. This structure was shown in a paper which I 
presented at the Institute two years ago.^ 

^F. H. Clark: A Study of the Heat Treatment, Microstructure and Hardness 
of 60:40 Brass. Proc. Inst. Met. Div., A. 1. M. E. (1927) 276. 

Fig. 16. — Naval brass, quenched prom 800° C. in oil at 150° C. X 100. 

Fig. 17. — Naval brass, quenched prom 800° C. in oil at 150° C. X 500. 

Fig. 18. — Naval brass, quenched prom 800° C. in oil at 150° C. X 500. 

Fig. 19. — Naval brass, quenched prom 800° C. in oil at 150° C. X 100. 

Fig. 20. — Naval brass, quenched prom 750° C. in ice water and reheated to 
300° C. X 500. 

Fig. 21. — Naval brass, annealed at 650° C. X 100. 

All etched with NH4OH -f- H 2 O 2 



High-strength Brasses 

By 0. W. Ellis,* East Pittsbtjkgh, Pa. 

(New York Meeting. February, 1929) 

Recently there has been a considerable revival of interest in the 
effects of the various elements commonly added to brass for the purpose 
of increasing its strength. For many years the work of Guillet^f alone 
gave reliable information in this regard. Even today his determinations 
of the coefficients of equivalence of the various elements relative to zinc in 
brass are those universally employed in industry. This is so because 
these coefficients have stood the test of time — their substantial correctness 
has been proved in almost universal practice. 

It is not our intention to discuss here these coefficients or their use. 
Rather do we wish to emphasize the need for further systematic studies of 
the mechanical properties of the ternary systems of copper, zinc, and other 
individual elements. Since Guillet published the results of his first 
investigations Millington,^® Smalley and Thibaud^® have added some- 
what to our information. In general they have confirmed the findings of 
Guillet, which may be stated in the following rather general terms: 

1. The addition of aluminum to the 70:30 and 60:40 brasses pro- 
gresavely increases their hardness and strength and reduces their ductility 
and resistance to shock. 

2. The addition of small amounts of iron to a 60:40 brass improves 
its strength without affecting its ductility. 

3. The addition of small amounts of manganese to a 60:40 brass 
causes a progressive increase in its strength and reduction in its ductility. 

A considerable amount of information has been amassed in regard to 
the effect of nickel on brass (9, 22, 41) which it is unnecessary to refer to 
here, in view of the scope of this paper. 

The situation in regard to these alloys in 1926 was very clearly stated 
by an anonymous writer, in The Metallurgist of February of that year, 
whose remarks were so to the point that they are well worth quoting; 

It will be seen that there are still large fields remaining to be studied in each of 
these systems (those of the oXurninuffi^ iron^ nickel arid manganese brasses) before our 
knowledge is adequate. 

When we come to the more complicated systems the position is even less satis- 
factory, and on account of the very incomplete nature of the work which has been 

* Research Dept., Westinghouse Electric & Manufacturing Co. 

t Superior figures refer to bibliography at end of paper. 
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Table 1. — Summary of Results on High-strength Brasses 


Copper, 
Per Cent. 

Zinc, 

Per Cent. 

Alumi- 

num, 

Per Cent. 

Iron, 

Per Cent. 

Nickel, 
Per Cent. 

Man- 
ganese, 
Per Cent 

Ultimate 

Stress, 

Lb per 

Sq In. 

Elongation 
in 2 In , 
Per Cent 

Aluminum-iron Brasses — Smalley** 

59 1 

37.31 

2 96 

0.61 



90,500 

19 0 

59 0 

37 0 

3 0 

1.00 



96,900 

26.0 

59 15 

35.96 

3.02 

1.87 



96,200 

20.5 


Aluminum-nickel Brasses — Smalley^s 


58 88 

36.51 

1 43 

0.10 

3.08 


69,000 

34 0 

55 60 

39.38 

1.64 

0.11 

3 27 


77,700 

15.0 

60 50 

33.65 

2 89 1 


2.96 


82,200 

19 0 

69 42 

21.78 

4 93 

0.10 

3.77 


76,000 

13 0 


Aluminum-manganese Brasses — Smalley®* 


59 45 

35.85 

0 98 

0 22 


3.49 

71,200 

25 0 

58 15 

35.18 

2.24 

0 25 


4 10 

90,800 

14 0 

57.23 

37.90 

2 59 

0 20 


2 08 

92,700 

18 0 

58 87 

37.13 

2 94 

0.10 


0 96 

86,700 

11 0 

59 34 

35.34 

3.10 

0 20 


2.02 

96,200 

> 15 0 

58.32 

34.54 

3 12 

0 10 


3.92 

101,500 

13 0 

58 76 

35.16 

i 

1.95 

0 20 


3.43 

88,700 

1 

13.0 


Iron-mckel Brasses — Guillet*® 


50 13 

48 80 


0.49 

0 58 


24,600 

3 0 

50 60 

46 71 


1.33 

1 36 


59,600 

14 0 

50 60 

43 85 


2 83 

2 72 


76,500 

20 0 

52 58 

38 41 


4 08 

4 93 


57,600 

17 0 

54 52 

43 73 


0 77 

0 98 


56,700 

14 5 

oo 78 

40 93 1 


1.36 

1 93 


61,400 

43 0 

56 19 1 

39 60 1 


2.09 

2 12 


60,900 

50 0 

56 55 

33 37 


5,48 

4.60 

1 

26,000 

1.0 


Iron-manganese Brasses — Guillet*® 


55 14 i 

42 53 

j 

1 23 


1.10 

51,500 

13 5 

58 52 1 

35 52 


1 76 


4 20 

36,300 

6 6 

60 32 , 

38 54 


0.59 


0 35 

51,500 

47 0 

60 47 1 

37 11 


1 27 


1.15 

52,000 

47 0 

60 94 

35 17 


1.59 


2 30 

47.700 

28 0 

63 21 

30 80 

1 


1.74 

« 


4.25 

Brittle 


Aluminum-iron-nickel Brasses — Smalley** 


60 02 

31 45 

4,10 

1,45 

3 0 


99,700 

1 

12 0 

Iron-nickel-manganese Brasses — Thibaud** 

57 5 

35.2 


0.3 

5.0 

2 0 

89,600 

32 0 

59 67 

32 73 

3 30 

2 25 


2 05 

98,000 

13 5 

58 11 

34 31 

1.95 

1 65 


3 98 

94,800 

14 0 

68 74 

36.61 

1 60 

1 22 


1.83 

81,800 

19 0 

59 45 

36 60 

1.56 

0 4 


1 97 

80,400 

22 0 


Aluminum-iron-mckel-manganese Brass — Thibaud** 


56.0 

36.5 

1.5 

1.5 

3.0 

1.5 1 

96,400- 

20-25 







100,800 



Superior figures refer to bibliography at end of paper. 
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doii6, it will be more convenient to show the results which have been obtained in the 
form of a table (Table 1). 

The complexity of these systems and the absence of any constant relations between 
the various seri^ render a detailed discussion of the results impossible. It ma 3 ’' be 
useful, however, to draw attention to two facts. In the first place, the table, which 
represents most of the sj'stematic work, the results of which have been published, 
illustrates the very incomplete nature of our present knowledge of these complex 
brasses. If we take the iron-nickel brassy as an example, it will be noticed that the 
recorded work deals with onlj" two series, one in which the copper is kept constant at 
about 50 per cent., while the iron and nickel are increased equally at the expense of 
the zinc; and the other in which the iron and nickel are increased in the same waj^, 
while the copper remains constant at 55 per cent. We know nothing of the effects 
of similar additions to 70: 30 and 60: 40 brasses, nor of varj^ing only the nickel or the 
iron; nor, again, of replacing the copper instead of the zinc. This one example serves 
to indicate the vast amount of work which must stiU be done before our knowledge of 
the effects on cast allo\’s of even these four metals can be said to be sufficient. Even 
then the rolling properties and the effects of heat treatment remain to be studied. 

Another fact which emerges from the figures is that the complexity of the alloys 
recommended by Thibaud does not seem to be justified by their properties as compared 
with those of simpler alloys. It wiU be seen, for example, that the brass containing 
aluminum, iron, nickel, and manganese has an ultimate stress only very slightly 
greater than that of a brass containing only aluminum and iron, while its elongation 
is actually less. It would seem, therefore, that a systematic study of the simpler 
systems, and particularly that containing aluminum and iron, would yield more 
profitable results than haphazard work on the more complicated alloys. 

Present Investigation 

There can be no doubt that these criticisms were fully deserved. 
However, it should be noted that a majority of those interested in the 
development of these alloys recognized the existence of these unsatis- 
factory conditions and were preparing to set them right. In this connec- 
tion the author himself has carried out a somewhat extensive investigation 
which, though failing to satisfy the requirement that the ternary 
systems be fihst examined, goes some way in extending our knowledge of 
the relative effects of the elements aluminum, iron, manganese and 
tin on the mechanical properties of alpha-beta and beta brass. The 
investigation may be considered as divided into two parts. In the first 
part the author made a preliminary survey of these complex alloys with 
the view of determining the effect of tin. The use of tin he felt to be 
unnecessary, if not absolutely objectionable; first, on account of its cost, 
and second, on account of the very small proportions that were required to 
cause the appearance of the harmful delta constituent in many of these 
alloys. In the second part the author confined his attention to brasses 
free from tin and containing varying amounts of the other metals already 
referred to. 

In both parts of the investigation the conditions of melting and 
pouring were the same. The charges comprised high-conductivity 



O. W. ELLIS 


511 


copper, Horsehead zinc, aluminum of the usual commercial quality, 
electrolytic iron, metallic manganese and Straits tin. The copper was in 
all cases melted first. To the molten copper the iron was added and, 
when it had completely dissolved, this being ascertained by careful 
observation of the melts, the manganese was introduced. This was 
followed by the aluminum and tin. The crucible (Acheson graphite) 
was now removed from the furnace, the zinc being added to the melt 
outside the furnace. The melt was well stirred and finally was poured 
into a chill mold at a measured temperature of 980° C. to 1020° C. The 
mold was of iron, approximately 4 in. long, 3 in. deep and 2% in. wide, 
and was suitably tapered to enable the ingots when made to be readily 
stripped from the mold, but it was coated with a lime wash before use. 
The lesser transverse cross-section of the ingots, which weighed about 10 
lb. apiece, agreed with that referred to in the Tentative Specification for 
Manganese Bronze Ingots for Sand Casting of the A. S. T. M. B7-27. 
The ingots, however, were only about one-third the length of the A. S. T. 
M. ingot and, hence, one-third the weight. Their rates of cooling, 
however, would differ but slightly from those of ingots cast in the standard 
mold. Hence, also, their mechanical properties would not differ 
materially from those of alloys cast in the form of A. S. T. M. ingots. 
The A. S. T. M. specification, it may be observed, requires the following 
minimum properties of material cast in the standard mold: tensile 
strength, 70,000 lb. per sq. in.; elongation in 2 in., 30 per cent. 


Table 2, — Analyses and Mechanical Properties of Brasses Containing 

Tin 


Num- 

ber 

Cu. 

Per 

Cent. 

Zn, 

Per 

Cent 

(Di£E) 

Al. 

Per 

Cent. 

Fe. 

Per 

Cent. 

Mn, 

Per 

Cent. 

Sn, 

Per 

Cent. 

Prop 
Limit,! 
Lb. per 
Sq. In. 

Yield 
Point, 
Lb. per 
Sq. In. 

Tensile 
Strength, 
Lb. Per 
Cent. 

Elong. 
in 2 
In., 
Per 
Cent. 

Red. 

of 

Area, 

Per 

Cent. 

Hard- 

ness 

Num- 

ber* 

8 

66.81 

40.51 

1.12 

0.34 

0 74 

0.48 

21,000 

34,200 

84,750 

21.5 

21.7 

73 

9 

56.45 

41.13 

0.66 

0.42 

0.80 

0 54 

18,000 

32,400 

77,850 

22.3 

22.2 

72 

10 

56 65 

39.54 

1.10 

0 40 

0.80 

1.51 

26,000 

N. 0. 

70,650 

3.0 

4.3 

77 

11 

56.89 

40.36 

0.63 

0.11 

0.60 

1.41 

27,000 

43,000 

83,800 

16.3 

17.5 

74 

12 

56 73 

39.72 

1.16 

0 31 

1.65 

0.43 

24,000 

38,250 

89,150 

23.8 

24.1 

74 

13 

56 96 

40.46 

0.49 

0.17 

1.56 

0.36 

20,000 

34,500 

81,925 

21.0 

22 1 

72 

T 

14 j 

56.48, 

38.99! 

1 0.47 

0 73 i 

1.73 1 

1.64 1 

30,000 

49,000 ! 

91,750 

21 0 

21.7 : 

76 

15 

1 57.06| 

39.74 

1 0.97 

0.95 

0.82 1 

0.46 

21,500 

35,327 

87,600 

29.8 

28 0 

73 

16 

56.76 

40 52 

0 51 

0 95 

0.80 I 

0.46 

17,000 

29,500 1 

80,250 

38.0 

35.9 

69 

17 

57.12 

38.78 

0.99 

0.79 ! 

0.76 

1.56 

28,000 

48,000 1 

94,375 

22 3 

23.4 

76 

18 

57.15 

39.37 

0 47 

0.70 

0 72 

1.59 

17,500 

38,000 

85,250 

27 0 

26.7 

73 

19 

1 56.60 

39.77 

0 93 

0.81 i 

1 59 

0.30 

21,000 

37,250 

75,125 

10 0 

11.5 

74 

20 

56.87 

39 83 

0.46 

0.84 i 

1.62 

0.38 

15,000 

28,500 

83,150 

20.0 

22.9 

69 

21 

56.90 

38.10 

0.95 

0.95 

1.50 

1.60 

30,000 

52,600 

92,500 

14 0 

14.5 

77 

22 

1 56.60 

38.99 

0 47 

0.73 

1.65 

i 1.56 

i 19,000 

43,375 

85,175 

16.4 

17.4 

74 


* Rockwell. 

t Alloy No. 7 would have come in here had its analysis been correct. 
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REsuiiTs OF Part 1 of Author’s Investigation 
In Table 2 are given the analyses and mechanical properties of the 
first group of alloys, those containing tin. In this table the alloys are 
arranged in pairs in such a way that the effect of aluminum may be 
roughly determined. Reference to the analyses will show that in all 
cases the alloys having even numbers contain a greater amount of 
aluminum than those having odd numbers. The amount of aluminum 
in the former alloys is about twice as much as that in the latter. There 
are obvious differences in the proportions of the other elements in these 
alloys, so that it is impossible from an examination of one pair of alloys 
to determine the exact effect of aluminum. Nor can this be accurately 
determined from the results of the tests as a whole, the number of tests 
being insufficient to make possible the elimination of the effects of the 
variations in elements other than aluminum so as to enable a categorical 
statement to be made as to the effect of aluminum. The averaging of 
the differences between the results of even these few tests is, nevertheless, 
sufficient to guide one to a fairly reasonable view of the general effect of 
aluminum on these alloys, as is shown in Table 3. 


Table 3. — Differences between Results of Tests Listed in Table 2 



Differences in Percentages 
of Elements 

1 


Changes in Properties 




cu: 

Zn ' 

A1 : Fe , Mn , Zn 

A 

B 

i 

C 

1 1 

D 

E 

F 


+ 


-|_ I — _ _ 

4 * 

4 - 

4 * 

_ 

« 

_ 

S minus 9 

0 36,0.62 0 46,0 08 0 06 0 06| 

3,000 

1,800 

6,900 

0 8 

0.5 

1 20 


- 1 

1 — j 

- : + -f , + 1 

+ 

+ 

4 - 

^ 4 - 

4 - 

4 * 

12 minus 13 

0 23 0 74,0.67 0 14 0 09 0.07 

4,000 

3,750 

7,225 

2 8 

2 0 

2 10 


+ 1 

■ — 1 

+ ' + ; 

1 4 - 

4 - 

+ 

— 

— 

4 - 

•15 minus 16 

0 30 

0.78 0.461 nil 0 02j nil 

1 4,500 

5,827 

7,350 

8.2 

7.9 

4 05 


- 

- 

4 - + . + 1 - 

+ 

4 - 

4 - 

— 

- 

4 - 

17 minus 18 

0 03| 

0.69 

0 52 0 09 0 04 : 0.03 

I 10,500 

10,000 

9,125 

4 7 

3 3 

2 40 


+ 

- 

j + j + — j 4 - 

4 - 

4 - 

4 - 

— 

- 

4 - 

21 minus 22 

0.30 

0.89 

0.48 0.22 0 15 0.04 

11,000 

9,225 

7,325 

2 3 

2.9 

2.85 


1 + 

— 

+ 1 4 - ' - 1 4 - 

+ 

4 - 

4 - 

— 


4 - 

Sums of differences 

0.70 3.62 

1 

2.59 0.37 0.06 jo. 02 

33,000 

30,602 

37,925 

13.2 

12 6 

12 6 


a »= Limit of proportionality, lb. per aq. in. 

B »* Yield point, lb. per sq. in. 

C =* Tensile strength, lb. per sq. in 
D = Percentage elongation. 

E = Reduction of area, per cent. 

F = Rockwell hardness number, B scale; ^-in. ball; 100-kg. load. 

By dividing the values quoted in the bottom row of Table 3, which 
represent the sums of the numbers in the columns above these values, by 
25.9 (10 times the sum of the differences in aluminum) the approximate 
effect of 0.10 aluminum upon the properties of a complex brass containing 
approximately 57 per cent, of copper may be obtained. The result of 
this operation is as follows: 
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Effect of 0.10 Per Cent, of Aluminum 
Difference in percentage: 

Of copper = 0 . 027 -h 

Of zinc = 0 . 140 — 

Of iron =0.0144- 

Of manganese = 0 . 002 — 

Of tin = 0.0014- 

Limit of proportionality 

Yield point 

Tensile strengtk 

Elongation 

Reduction of area 

Rockwell hardness 

In Table 3, reference to alloys 10, 11, 19, and 20 is omitted, because 
alloys 10 and 19 were unsatisfactory. With the former, the test results 
were obviously affected by the structure of the alloy, the alpha constituent 
in' which was present in the form of thin envelopes surrounding the grains 
of the beta constituent; with the latter, both test samples were distin- 
guished by flaws which had quite clearly influenced the test results. 

The number of tests has been insufficient to eliminate the effect of the 
substitution of copper, iron, manganese, and tin for zinc. As far as 
copper (0.027 4-) and iron (0.0144-) are concerned, we know that they 
would tend to increase the proportion of alpha constituent and thus to 
soften the brass. Manganese (0.002—) would have little effect on the 
structure, but would slightly increase the hardness of the brass; tin 
(0.001 4-) would definitely harden the brass and reduce its alpha content. 
In the light of this knowledge, then, it can be said that the effect of 
aluminum would be somewhat more powerful than is indicated. In 
other words, 0.10 per cent, of aluminum would increase the strength and 
hardness of brass a little more than is shown above and would con- 
currently and, possibly, proportionately decrease its ductility. 

By retabulating the alloys in such a way as to emphasize the average 
effect of iron upon the structure and properties of these alloys the follow- 
ing results have been obtained: 

Effect of 0.10 Per Cent, op Iron 
Difference in percentage: 

Of copper = 0.0314- 
Of zinc = 0 . 121 — 

Of aluminum = 0.021 — 

Of manganese = 0.0074- 
Oftin = 0.0074- 

Limit of proportionality 

Yield point 

Tensile strength 

Elongation 

Reduction of area 

Rockwell hardness 


—940 lb. per sq. in. 
—670 lb. per sq. in. 
4- 50 lb. per sq. in. 
4-1.06 per cent. 
4-0,93 per cent. 
-1.42 


4-1280 lb. per sq. in. 
4-1180 lb. per sq. in. 
4-1460 lb. per sq. in. 
—0.51 per cent. 
—0.49 per cent. 
4-0.49 
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For mangaiiose the following results have been obtained *. 

Effect of 0.10 Per Cent, op Mavganese 

Difference in percentage: 

Of copper =0.012 — 

Of zinc = 0.087 — 

Of aluminum = 0.007 — 

Of iron = 0.008-1- 

Of tin = 0.001 — 

limit of proportionality 

Yield point 

Tensile strength 

Elongation 

Reduction of area 

Rockwell hardness 


-1-180 Ib. per sq. in. 
+400 lb. per sq. in. 
+330 lb. per sq. in. 
—0 69 per cent. 

—0 58 per cent. 
+0.01 


It seeras that, although manganese has no appreciable effect on the 
structure of these alloys, it has a definite influence upon their hardness and 
strength. The fact that alterations in the mechanical condition of these 
alloys apparently can be occasioned by varying their content of 
manganese without causing change in their structure is one of the utmost 
importance. For this reason, if for no other, manganese appears to 
deserve a position in any specification for high-tensile brasses. 

The effect of tin on the properties of these alloys is indicated below: 

Effect op 0.10 Per Cent, op Tin 

Difference in percentage 
Of copper = 0.018+ 

Of aluminum = 0 . 002 — 

Of zinc = 0.116 — 

Of iron = 0.006 — 

Of manganese = 0.006+ 

Limit oi proportionality 

Yield point 

T^isile strwigth 

Elongation 

Reduction of area 

Rockwell hardness 


-(- 690 lb. per sq. in. 
+1400 lb. per sq. in. 
+ 680 lb. per sq. in. 
—0.64 per cent. 
—0.51 per cent. 
+0.42 


Tin has less effect upon the structure — that is, in so far as the propor- 
tion of alpha constituent alone is concerned — than has aluminum, which 
is similar to it in its general influence. It is not so powerful as aluminum 
in its effect on the hardness and strength of these alloys but it is somewhat 
more potent in its influence on their ductility. In view of these facts 
and of its deleterious influence on the structure of these alloys, it 
appears that tin might well be discarded from these alloys. A further 
point which favors such action is the high price of the metal. 

It is of interest to note that such a view must have been arrived at 
independently by other workers in this field, who, though they make no 
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statement in this regard, have in most cases omitted tin from the alloys 
they have investigated. 

Results of Part 2 op Author’s Investigation 
The analyses and mechanical properties of the second group of alloys 
are quoted in Table 4. 


Table 4. — Analt/ses and Mechanical Properties of Second Group of Alloys 


Number 

Cu, 

Per 

Cent 

Fe, 

Per 

Cent. 

Al, 

Per 

Cent. 

Mn, 

Per 

Cent. 

Elect. 
Res,, Mi- 
crohms 
per. Cm. 
Cube 

Prop 

1 Limit, 

1 Lb. per 
j Sa. In 

Yield 

1 Point, 
i Lb, per 
j Sq. In. 

i Tensile 
Strength, 
Lb per 
Sq. In. 

Elonga- 
tion in 2 
In., Per 
Cent. 

Red of 
Area, Per 
Cent. 

44 

56.41 

0.23 

0.47 

0.94 

10,1 

15,000 

24,700 

75,200 

25.1 

26.8 

45 

66.25 

0.07 

0.51 

1.78 

13,1 

17,900 

28,400 

78,800 

25.9 

21.7 

46 

56.66 

0.12 

0.50 

3.57 

20.6 

20,100 

31,800 

79,400 

27.2 

24.7 

47 

67.33 

0.07 

0.88 

0.94 

10.4 

17,300 

27,500 

77,600 

23.7 

22.1 

48 

56.32 

0.04 

0.93 

1,84 

13 8 

20,800 

30,700 

83,300 

26.7 

20.8 

49 

56.68 

0.07 

0.93 

3.55 

20.3 

24,500 

37,600 

84,800 

20.1 

19.9 

50 

56.94 

0 07 

1 43 

1.00 

10.9 

19,900 

30,000 

85,800 

24.9 

23.9 

51 

56.15 

0 07 

1 42 

1.83 

14.3 

20,900 

34,100 

89,200 

25 9 

22.9 

52 

57.44 

0.07 

1.54 

3.67 

21.4 

33,800 

39,200 

92,300 

16.4 

18.4 

17 

56.15 

1 04 

0 38 

0.84 

10 1 

15,600 

24,300 

78,300 

35.1 

31.4 

53 

56.04 

0 90 

0.52 

1.78 

14 1 

19,100 

27,900 

69,900 

19 0 

21.5 

54 

55.29 

1.12 

0.50 

3.58 

20.4 

20,500 

35,200 

79,600 

21.5 

21.9 

20 

56.14 

0.90 

0.93 

0 87 

10.1 

16,800 

26,800 

85,900 

34.0 

31.8 

21 

56.60 

1.07 

0.88 

1,83 

14.3 

22,100 

31,400 

86,600 

35.9 

32.3 

22 

57.07 

1,07 

0.94 

3.64 

22.1 

22,300 

33,900 

80,800 

25.5 

23.7 

55 

56,35 

1.12 

1.73 

0,91 

11.1 

20,900 

34,600 

89,200 

21.4 

21.1 

24 

66 47 

1.21 

2.10 

1.80 

14 4 

23,300 

36,000 

95,600 

34.1 

31.0 

56 

57.10 

0,60 

1.72 

3.71 

22.5 

(est.) 

27,500 

51,000 

97,600 

19.9 

18.2 

57 

56 35 

2.08 

0.41 

1.01 

11.3 

10,800 

22,300 

71,200 

38.2 

36.2 

27 

57 27 

1 43 

0.53 

1.73 

14.6 

15,300 

23,800 

71,400 

46.0 

38.5 

59 

57.19 

2.11 

0.41 

3.83 

1 

23.4 

17,500 

24,000 

65,300 

26.7 

25.7 

60 

57 00 

2 11 

0 91 

1 

0.96 1 

11.5 

16,000 

26,900 

78,500 

40.2 

41 8 

61 

56.90 

1.78 

0.86 

1.91 

15 3 

16,800 

30,300 

75,500 

22.7 

24.1 

62 

56.73 

1 84 

1 

0.94 

3.76 

23.1 

18,800 

; 35,100 

1 

83,200 

27.7 1 

26.0 

63 

56 30 

1.84 i 

1.77 

0.99 

11.5 

21,000 

30,600 

93,900 

28.6 

28.2 

64 

67.11 

2 06 

1.89 

1 90 

14.9 

26,500 

43,500 

95,500 

24.5 

24.5 

65 

66.52 

1 86 

1.84 

3 81 

20.4 

30,700 

50,700 

95,200 

16.1 

17.6 

35 

57.05 

3.80 

0.51 

0.99 

12 3 

14,300 

22,200 

66,800 

64.3 

' 49.7 

36 

56.74 

3.61 

0.54 

1 69 

15.5 

(est.) 

12,500 

23,500 

67,500 

35.0 

32.1 

37 

56.64 

3.87 

0.61 

3.53 

23 1 
(est.) 

1 16,000 

30,000 

70,300 

48.0 

40.7 

38 

57.52 

4.12 

0.91 

1.01 

12.8 

14,900 

24,300 

70,300 

48 2 

42.8 

39 

56.72 

3.90 

0.95 

1 1.77 

15.6 

14,600 

26,100 

73,900 

47.4 

41.4 

40 

58.36 

4.01 

1.01 

1 

3.67 

24.9 

15,600 

25,900 

69,100 

40.7 

35.3 

41 

56.76 

3.93 

1.41 

0.97 

13.3 

(est.) 

17,500 

33,200 

88,500 


19.2 

68 

66.27 

4.45 

1,94 

* 2.01 

16.3 

24,100 

45,300 

86,400 

11.6 

16.1 

69 

56.06 

3.87 

1.82 

3.80 

23.2 

23,600 

50,300 

99,500 

21.1 

33.1 
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In this table are also quoted values for the electrical resistivities of 
these alloys in microhms per cubic centimeter (see column 6). 

In Table 4 the analyses of these alloys are arranged in groups of three. 
The attempt was made to keep the proportions of copper, iron, and 
aluminum of these groups as nearly constant as possible, but these 
proportions were varied from group to group, as outlined below. Within 
each of these groups the manganese was varied systematically. If the 
groups be considered in order it will be seen that in the first, fourth, 
seventh, and tenth groups the copper and aluminum were kept constant, 
while the iron and manganese were varied. Considering the first, second, 
and third groups alone, it will be seen that the copper and iron have been 
kept constant, while the aluminum and manganese have been varied. 
This was true also of the fourth, fifth, and sixth groups, and so on. 

It is possible, by suitably choosing the alloys referred to in Table 4, to 
arrange them in such a way that the effect of any element on the 
properties of the alloys may be roughly determined, as was done in the 
case of the alloys containing tin (see Table 2). It is unnecessary, 
however, to go to this trouble. If, for example, it is desired to determine 
tl^ effect of aluminum on these complex brasses, what is required is to 
obtain the average of the properties of the alloys containing an average of 
0.49 per cent, of aluminum (see Table 4), that of the alloys containing an 
average of 0.92 per cent, of aluminum (see Table 4), and that of the alloys 
containing an average of 1.72 per cent, of aluminum (see Table 4), as is 
done below: 


Avebages 


Aluminum 

. 0.49 

0.84 

1.72 

Copper 

. 56.50 

56.94 

56.62 

Iron 

1.69 

1.75 

1.76 

Manganese 

, 2.11 

2.16 

2.20 

]Slectiical ressasfciTity 

. 15.7 

16.2 

16.2 

Proportaonal limit, lb. per sq. in 

. 16,100 

18,400 

24,200 

y»dd point, lb. per sq. in 

. 26,500 

29,700 

39,800 

Tenfiale streaigth, lb. per sq. in 

. 72,800 

79,100 

92,400 

Ek>ngabbn, per cent 

. 33.5 

32.7 

22.2 

Reductbn area, per cent 

. 30.9 

30.2 

22.7 


Then, if the values for tensile strength, for example, are plotted 
against aluminum content (Fig. 1) they lie close to a straight line having 
for its origin the value 65,500 lb. per sq. in. tensile strength and the 
conclusion is reached that 0.49 per cent, aluminum increases the strength 
of a complex brass containing about 56.58 per cent, copper from about 
65,500 lb. per sq. in. to about 72,800 lb. per sq. in., or by 7300 lb. per sq. in. 
For the other percentages of aluminum the following values hold: 


ALUimiftTM, 

BkbCSkt, 

0.49 

0.92 

1.72 


Total Incbease, 
Lb, per Sq. In. 

7,300 

13,600 

23,900 
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These values may be used in the preparation of a curve designed to 
show the quantitative effect of aluminum on the strength of a complex 
brass and such a curve is shown in Fig. 2, which, however, extends over a 
wider range, having as its basis the results of work on the effect of 



Fig. 1. — Effect op aluminttm on tensile strength op complex brass. 


aluminum on various brasses by the author, by Smalley,®^ by Millington,^® 
and by Guillet.^ The effect of aluminum on the percentage elongation of 
brass is shown in Fig. 3, this curve having been arrived at by 
similar means. 



Fig. 2. — Qtjantitativb effect of 

AIiTTMINTJM ON TENSILE STRENGTH OP 
COMPLEX BRASS. 



Fig. 3. — Quantitative effect of 

ALUMINUM ON PERCENTAGE ELONGA- 
TION OF COMPLEX BRASS. 


In like manner, curves for the effects of iron and manganese have been 
obtained (Figs. 4, 5, 6, 7). 

The question now arises as to whether the mechanical properties 
of a complex brass of any composition, but within reasonable limits of 
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56.6 per cent, copper, can be determined, given its analysis. This 
actually seems to be possible, as will be seen from the following discussion. 

In Figs. 8 and 9 are shown the relations between the strength and the 
ductility of the simple brasses containing between 50 and 70 per cent, 
copper in the chill-cast state. Using the values on these curves as a 
base and employing the values quoted in Figs. 2 to 7 to determine the 


m 


Iron,p€rcenf. 

Fig. 4. — Quantitative effectt of 

lEON ON TBNSIIiE STRENGTH OF COMPLEX 
BRASS. 


Iron^ per cenr. 

Fig. 5.— Quantitative effect of 

IRON ON PERCENTAGE ELONGATION OP 
COMPLEX BRASS. 
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Mon^nese^per c«nf. Manganese^ per ceni 

Fig. 6. — Quanutative effbot of Fig. 7. — Quantitative effect op 

MANGANESE ON TENSILE STRENGTH OP MANGANESE ON PERCENTAGE ELONGA- 
COMPIEX BRASS. TION OP COMPLEX BRASS, 

effects ofainminum, iron and manganese on this ba&e, the mechanical prop- 
erties of a very wide range of alloys appear to be capable of estimation. 

As an example of the use of these curves one may take an alloy 
containing; c<^»per, 61.95 per oent.; iron, 3.82 per cent.; aluminum 1.88 
per cent.; mangmaese, 0:98 ^ cent. 

Fig. 8 shows that the stiengtii of a simple brass containing 51.95 per 
cent, copper is about 72,700 ft>. per sq. in.; Fig. 4 shows that 3.82 per cent, 
iron reduces the stiengtli of such a brass on the average by about 6000 
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Ib. per sq. in.; Fig. 2 shows that 1.88 per cent, aluminum raises the 
strength by about 26,000 lb. per sq. in. (average) and Fig. 6 shows that 
0.98 per cent, manganese increases the strength by about 1400 lb. per 
sq. in. (average). The estimated strength for this alloy will be: 

Lb. pbb Sq. In. 


Strength of simple brass 72,700 

Increase due to A1 26,000 

Increase due to Mn 1,400 


100,100 

Decrease due to Fe —6,000 



Fig. 8. — Effect of copper on tensile 

STRENGTH OF SIMPLE BRASS. 


94,100 



Fig. 9. — Effect of copper on per- 
centage ELONGATION OF SIMPLE 
BRASS. 


The actual strength of this alloy (chill-cast) as obtained by test was 
92,200 lb. per sq. in. ; i. e., the estimate of strength is only 2 per cent, 
too high. 

As to percentage elongation, following are the values : 


Peb Cbnt. in 2 In. 

Elongation of simple brass 19 (Fig. 9) 

Increase due to Fe 13 (Fig, 5) 

Increase due to Mn 5 (Fig. 7) 

37 

Decrease due to Al. —20 (Fig. 3) 

17 


The actual elongation of this alloy (chiU-cast) was 18.5 per cent. 
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Curves have also been drawn to show the relationship between the 
proportional limit and the tensile strength and the yield point (0.2 per 
cent, plastic deformation) and the tensile strength of these alloys. 
These are shown in Figs. 10 and 11. The scatter of the points about 
these curves was considerable and the estimates of proportional limit and 
yield point may for this reason be very inaccurate for certain alloys. 
Nevertheless, the curves are given for what they are worth. For the 
alloy just described the proportional limit (from Fig. 10) is estimated to 
be 26,600 lb. per sq. in. and the yield point, 41,600 lb. per sq. in. The 
actual values for these properties were 16,600 and 28,000 lb. per sq. in., 
respectively. This shows how far from correct estimates of the pro- 
portional limit and the yield point based on the curves shown in Figs. 
10 and 11 may be in certain cases. It must be noted, however, that this 



9cpoo xqooo 

Tensile Sfrengft^lb. per s^.in. 

Fig. 10. — Relationship between 

PBOPOBTIONAli LIMIT AND TENSILE 
STSSNGTH OF BRASS. 



Fig. 11. — ^Relationship between 

YIELD point and TENSILE STRENGTH OF 
BRASS. 
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is an exceptional case, as will be realized if a comparison is made between 
the estimated and actual values for these properties quoted in Table 5, 
and for which the average values are given here: 

Lb. psb Sq. Lb. 

Actual 25,400 

Estimated 24,000 

Actual 32,000 

Estimated 29,400 

Table 5 has been prepared to give some idea of the value of these 
curves in estimating the strength of complex brasses. This embodies (1) 
the results ol actual tests on two series of complex brasses, including those 
referred to in Table 2, and (2) estimates of their properties based on the 
curves in Fige. 2 to IL 

Table 5 shows that, on the whole, a very close approximation to the 
average mechanical properties of any complex brass may be arrived at 
by the use of the curves. In this connection it is of interest to note that 
the average sti^Migth of the first group of alloys of Table 5, as tested, was 
78,000 lb, sq. in. and, as estinaated, was 79,200 lb. per sq. in. The 
average dangalaon (tested) was 31,3 and (estimated) was 29.1. The 
difference between these two values is' well within the limits of error in 


Average proportional limit (for 36 alloys) 
Average yidd point (for 36 aJloj^) 
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Table 5 . — Actual (First Line) and Estimated (Second Line) Properties 

of Complex Brasses 


No. 

Cu. 

Per 

Cent. 

Mn 

Fe. 

Per 

Cent. 

AI. 

Per 

Cent. 

Mn, 

Per 

Cent. 

Elect 
Res., Mi 
cronms 
per Cm 
Cube 

• 1 

Yield 
Point, 
Lb. per 
Sq. In. 

Tensile 
Strengti 
Lb. per 
Sq. In. 

, Elong. ii 
2 in., 
Per Cent 

Red. of 
Area, 

^ Per 

Cent. 

44 

56.41 

0.23 

0.47 

0.94 

10.10 

15,000 

24,700 

75,200 

25.1 

26.8 






10.41 

16,600 

26,000 

76,100 

36.5 


45 

56.25 

0.07 

0.51 

1.78 

13 11 

17,900 

28.400 

78,800 

25.9 

21.7 






13.65 

16,700 

26,200 

76,300 

30.0 


46 

56.66 

0.12 

0.50 

3.57 

20.55 

20,100 

31,800 

79,400 

27.2 

24.7 






20,90 

17,700 

27,400 

78,700 

26.0 


47 

57.33 

0.07 

0.88 

0.94 

10.43 

17,300 

27,500 

77,600 

23.7 

22.1 






10.67 

17,300 

26,800 

77,600 

35.0 


48 

56.32 

0.04 

0.93 

1.84 

13 75 

20,800 

30,700 

83,300 

26.7 

20.8 






14.10 

-19,700 

29,900 

82,700 

26.0 


49 

56.68 

0.07 

0.93 

3.55 

20.25 

24,500 

37,600 

84,800 

20.1 

19.9 






21.01 

20,200 

31,000 

84,100 

22.5 


SO 

56.94 

0.07 

1.43 

1.00 

10.93 

19,900 

30,000 

85,800 

24.9 

23.9 






11.13 

21,000 

32,000 

85,600 

28.0 


51 

56.15 

0.07 

1.42 

1.83 

14.26 

20,900 

34,100 

89,200 

25.9 

22.9 






14.31 

23,300 

35,700 

89,700 

26.0 


52 

57.44 

0.07 

1.54 

3.67 

21.40 

33,800 

39,200 

92,300 

16.4 

18.4 






21.93 

23,200 

35,400 

89,300 

21.5 


17 

56.15 

1.04 

0.38 

0.84 

10.10 

15,600 

24,300 

78,300 

35.1 

31.4 


1 




10.38 

16,300 

26,000 

75,400 

37.5 


53 

56.04 

0.90 

0.52 

1.78 

14.09 

19,100 

27,900 

69,900 

19.0 

21.5 






14,12 

18,000 

27,700 

79,200 

26.5 


54 

55.29 

1.12 

0.50 

3.58 

20.40 

20,500 

35,200 

79,600 

21.5 

21.9 






21.28 

20,000 

30,600 

83,800 

24.0 


20 

56.14 

0.90 

0.93 

0.87 

10 10 

16,800 

26,800 

85,900 

34.0 

31.8 






10.69 

20,300 

31,000 

84,100 

32.0 


21 

56 SO 

1.07 

0.88 

1.83 

14.27 

22,100 

31,400 

86,600 

35.9 

32.3 






14.70 

19,400 

29,800 

82,600 

30.5 


22 

57.07 

1 07 

0.94 

3.64 

22.05 

22,300 

33,900 

80,800 

25.5 

23.7 






22.04 

20,700 

31,300 

84,700 

28.0 


55 

56.35 

1.12 

1.73 

0.91 

11,10 

20,900 

34,600 

89,200 

21.4 

21,1 






11,42 

19,100 

29,300 

81,800 

26.0 


24 

66.47 

1.21 

2.10 

1,80 

14,42 

23,300 

36,000 

95,600 

34.1 

31.0 






15.77 

21,300 

32.200 

85,900 

19.0 


56 

57.10 

0.60 

1.72 

3.71 

N.O. 

27,500 

51,000 

97,600 

19.9 

18.2 







26,800 

42,300 

94,400 

18.5 


57 

56.35 

2.08 

0.41 

1 01 

11.29 

10,800 

22,300 

71,200 

38 2 

36.2 


1 




11.74 

14,800 

24,200 

71,000 

43.0 
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Table 6 . — (Continued) 


No. 

Cii« 

Per 

Ce&t. 

Per 

Cent. 

Ah 

Per 

Cent. 

!Mn, 

Per 

Cent. 

Eleet. 

Res., 

Microhms 
per Cm 
Cube 

Prop. 
Unut, 
Lb. per 
Sq. In. 

Yield, 
Point, 
Lb. per 
So. Is. 

Tensile 
Strength, 
Lb. per 
Sq In, 

Elong. 
in 2 in., 
Per 
Cent. 

Red of 
Area, 
Per 
Cent 

.. ! 

57.27 

i 

1.43 

0.53 

1.73 

14.60 

15,300 

23^00 

71,400 

46.0 

38.5 






14.46 

15,500 

25,000 

73,300 

39.5 



57.10 

2.11 

0.41 

3.83 

23.37 

17,500 

24,000 

65,300 

26.7 

25.7 






23.19 

15,300 

24,800 

72,500 

37.0 


eo 

57.00 

2.11 

0.91 

0.96 

11.45 

16,000 

26,900 

78,500 

40 2 

41.8 






11.93 

16,600 

26,000 

76,000 

40.0 


61 

56 00 

1.78 

0.86 

1.91 

15.27 

16.800 

30,300 

75,500 

22.7 

24 1 






15.51 

17,400 

27,000 

78,000 

33.5 


62 

56.73 

1 84 

0.94 

3.76 

23 06 

18.800 

36.100 

83,200 

27 7 

26.0 






22.91 

19,000 

29,000 

81,400 

28.6 


63 

56.30 

1.84 

i.n 

0.99 

11.45 

21,000 

30,500 

93,900 

28.6 

28.2 






12.20 

23,000 

35,000 

88,900 

27 0 


54 

57.11 

2.06 

1.89 

1.90 

14.91 

26,500 

43,500 

95.500 

24.5 

24.5 






16.10 

23,300 

35,400 

89,200 

25.5 


66 

56.52 

1 86 

1.84 

3.81 

30.40 

30,700 

50,700 

95,200 

16.1 

17,6 

i 





23,58 

25,600 

39,200 

92,600 

26.0 


35 

1 57.05 i 

3.80 

0,51 

0.99 

^ 12.28 

14,300 

22,200 

66,800 

54 3 

49 7 


! 1 




12.86 

13,700 

23,000 

66,900 

51.0 


36 

1 56 74 1 

3.51 

0.54 

1.69 

N.O. 

12,500 

23,500 

67,500 

35.0 

32.1 







14,300 

23,800 

69,400 

42.5 


37 

: 66.64 

3 87 

0.61 

3.53 

1 N.O. 

15,000 

30,000 

70,300 

48.0 

40.7 


1 





15,400 

25,000 

72,900 

37.5 j 


i 

38 1 

57 62 

4.12 

0.91 

1.01 

12.78 

14,900 

24,300 

1 70,300 

48.2 

42. S 

i 






14,800 

24,300 

71,100 

50.0 


36 

56 72 

3 00 

0.95 

1.77 

15.60 

14.600 

26,100 

73,900 

47.4 

41.4 






i 16.19 

16,300 

25,700 

75,100 

39.5 


40 

58.36 

4.01 

1.01 

3.67 

1 

22.31 

15,600 

26,900 

69,100 

40.7 

35.3 






1 24.16 

11,700 

21,600 

1 60,100 

41 0 



56.76 

3.03 

1.41 

0.97 

N.O. 

17,500 

33,200 

88,500 

N.O. 

19.2 







18,100 

28,000 

79,700 

40,5 


68 

56.27 

4.45 

1.94 

2.01 

16.25 

24,100 

45,300 

86,400 

11.6 

15.1 






17.91 

22,100 

33,700 

87,500 1 

29,5 


60 

56.05 

3,87 

1.82 

3.80 

20.81 

23,600 ! 

50,300 

99,500 

21.1 

33.1 






25.02 

23,700 

36,300 

90,300 

23.0 ! 



AlIiOTS Not VeuD as a Bajbsb in tsb Psbpabatiok of thb Curves, Etc. 


18 

57.14 

G.Il 

0.41 

1.84 

13.27 

14,900 

27,100 

I 76,300 

27.2 

24.9 






14.00 

15,500 

25/KK} 

73,100 

34.0 
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Table 5, — [Continued) 


No 

1 

Cu. 

Per 

Cent. 

Fe, 

Per 

Cent. 

Al. 

Per 

Cent. 

! 

Mn, 

Per 

Cent. 

Elect. 

Res., 

Microhms 
per Cm. 
Cube 

Prop. 
Limit, 
Lb. per 
Sq. In. 

Yield 
Point, 
Lb. per 
Sq. In. 

Tensile 
strength. 
Lb. per 
Sq In. 

Elong. 
in 2 in., 
Per 
Cent. 

Red. of 
Area, 
Per 
Cent. 

19 

i 

57.83 

1 

0.13 

0.47 

3 67 

21.20 

15,900 

25,200 

72,100 

37.7 

1 

1 32.4 



1 



21.48 

15,700 

25,200 

73,800 

31.5 

1 

25 

56.85 

i 0.46 

1.41 

3.70 

21.63 

29,700 

39,000 

98,500 

27.6 

1 24,6 





i 

22.15 

24,300 

37,000 

90,800 

19.5 


26 

57.01 

0.31 

0.48 

0.92 

10.43 

14,500 

22,600 

73,400 

36 1 

29.4 






10.48 

15.000 

24,300 

71,500 

1 39.0 


28 

57.07 

1.25 

0.50 

3.63 

22.39 

20,500 

27,500 

73,500 

' 38.5 

35.9 






21.87 

17,300 

27,800 

77,500 

32.5 


29 

56.67 

1.07 

0.98 

0.91 

10.78 

16,300 

27,200 

75,600 

20.5 

20.7 






10.18 

19,400 

29,700 

82,300 

34.5 


30 

56.88 

1.64 

0.94 

1.79 

14 59 

19,300 

29,200 

80,100 

30 9 

26.1 






14.97 

18,300 

28,200 

80,200 

33.5 


31 

57.05 

1 0.98 

0.92 

3.64 

N.O. 

22,500 

31,700 

83,500 1 

1 40.0 

35.0 





i 


20,800 

31,700 

85,100 

1 27.5 


32 

56.95 

, 1 91 

1.53 

0.91 

11.10 

21,600 

34,300 

92,800 

31.1 

27.6 






11.92 

20,100 

30,800 

83,900 

33.5 


33 

56.71 

2.03 

! 1.37 

1.78 

14.77 

25,800 

37,500 

96,100 

31.7 

29.6 






15.35 

20,300 

31,000 

84,200 

35.0 


34 

57.45 1 

0.84 

1.24 

3.70 

21.72 

32,900 

45,300 

98,400 

33.3 

26.9 


1 

1 



22 36 

19,300 

29,300 

82,000 

26.5 


42 

57.18 

3.98 

1.30 

1.81 

15.08 

22,600 

35,500 

83,900 

21.3 

23.4 






16.69 

17,700 

27,300 

78,400 

38.5 


43 

57.16 1 

4.20 

0.95 

3.30 

22.88 

16,500 

26,300 

72,000 

48.7 

43 4 






23.03 

16,700 

26,200 

76,300 

38.5 


58 

1 

59.83 ! 

2.25 

0.42 

1,93 

16.91 

13,100 

22,500 

61,500 

38.3 

45.2 






15.96 

12,800 

22,300 

64,200 

52 0 


66 

55.80 

4.53 

0.63 

1 94 

16.08 

11,400 

24,200 

63,300 

19.4 

22.9 






16.98 

15,300 

24,700 

72,300 

42.0 



testing. For the other group of tests shown in Table 5 the following 
values were obtained: 

Aa TmaTUT) As Estimatsid 


Strength 80,100 78,500 

Elongation 82.2 34.5 


It is concluded then that the curves given in Figs. 2 to 11 may be 
used as the basis of estimating the average mechanical properties of any 
chill-cast complex brass containing aluminum, manganese and iron and 
from about 50 to about 60 per cent, of copper. 
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Turning now to ths eiffsct of tin on complex bra^, it is certain that this 
element increases the strength of brass. In all probability, were its 
effect on the ductility of brass not so deleterious when it is present in 
proportions of more than from ^ to 1.5 pyer cent., the relation between 
strength and tin content could be represented by a curve like that in 
Fig. 12 and that between elongation and tin content by the curve in 
Fig. 13. Using this curve as the basis of calculating the effect of tin, 
estimates (Table 6) of the strength of certain of the alloys referred to in 
Table 2 have been made. 


Tin, per cent 



Fig. 12 . — Approximate quantita- Fig. 13 . — Appboximatb quantita- 

TIVB EFFECT OP TIN ON TENSILE STRENGTH TIVB EFFECT OF TIN ON PERCENTAGE 

OF COMPLEX BRASS. ELONGATION OP COMPLEX BRASS. 


Table 0. — Estimates of Strength of Certain Alloys 



The i^ieement here between the estimated and the actual values is 
not quite so good, but, even so, the limits of experimental error are by no 
means grossly exceeded. 

The effect of nickel on brass has been the subject of considerable 
inquiry. A review of many tests by various woricers makes it possible to 
present Fig. 14 as representing approximately the effect of this element on 
the strength of brass. Nickel lowers the strength of brass when it 
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replaces zinc; it increases the ductility slightly, if at all, at first; i. e., up to 
about 1 per cent. In quantities of more than 1 per cent, nickel improves 
the ductility of the alloys under discussion, but apparently not to the 
same extent as does iron. No curve is drawn for the effect of nickel 
on the ductility of brass as the results available for consideration were 
so discrepant. 

As showing the use of Fig. 14 in conjunction with the other curves, 
the results in Table 7 are of interest. The tests recorded are due to 
Smalley. On the whole, the estimated strengths are good, though the 
first test results and the last two are widely divergent from the 
estimated values. 


Nickel, per cent 



Fig. 14. — Approximate quantitative effect of nickel on tensile strength of 

COMPLEX BRASS. 

The effect of nickel needs further investigation, though at the moment 
it does not appear that this element can be of much service as far as its 
effect on the mechanical properties of these alloys are concerned. It may 
possibly improve the casting qualities of the alloys, but here the question 
of the cost of the metal relative to, say, iron, which is also supposed to 
improve the casting qualities of these alloys, should be considered. 

As to the electrical properties of these alloys, it appears that aluminum 
is almost without influence on the resistivity of brass, at most increasing 
it by not more than 0.5 microhms per cu. cm. per cent, of the metal substi- 
tuted for zinc. Iron is somewhat more potent, increasing the resistivity 
by about 0.6 microhms per cu. cm. per cent. Manganese is extremely 
powerful, raising the resistivity by as much as 4 microhms per cu. cm. 
per cent, under these conditions. 

In conclusion, it is interesting to note the agreement between the 
mechanical properties as estimated by the author and as determined by 
Smalley^® on a series of complex brasses of the type referred to in this 
paper (see Table 8). 

A study of the author’s work leads to the view that the effects of the 
elements aluminum, iron, manganese, and tin upon the mechanical 
properties of brass containing in the neighborhood of 56.5 per cent, 
copper (possibly from 50 to 60 per cent.) are cumulative. Hence, given 
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Table 7 


Co, Pct Cent. 

Ni, Per 
Cent. 

Per 

Cent. 

\ 

Fe, Per 
Cent. 

! Tensile 

1 Strengtn. 

1 Lb. per 
Sq. In. 

1 

Elongation 
* in 2 In., 

1 Per Cent. 

1 

Red. of 
Area, Per 

1 Cent. 

1 

^ Remarks 

1 

56.68 

0.92 


1 

1 

47,300 

1 23.0 

36.4 

1 

Actual 





57,000 


I 

t 

Estimated 

59.00 

1.90 



53,200 

i 56.0 

' 49.7 

Actual 




1 

1 

I 54,000 

I 


; Estimated 

59.02 

4.03 



41,000 

i 


Actual 




1 

42,200 

1 

1 


, Estimated 

58.88 

3.08 

1.43 

I 0.10 

1 

69,000 

I 

1 34.0 

35.5 

Actual 




1 

1 

73,000 

j 

1 


Estimated 

55.60 

3 27 

! 1.64 

0.11 

1 77,500 

15.0 

18.3 

1 

Actual 


1 

[ 

; 


1 83,500 



Estimated 

60.50 

I 2 96 

! 2.89 


82,300 

19.0 

! 21.5 

Actual 

1 

1 

1 

) 


81,900 


j 

Estimated 

69.42 

3.77 

4.93 

0 10 

76,000 

13 0 

18.3 

Actual 



1 

1 


69,200 

1 


Estimated 

58.95 

3.13 

1 

i 3.95 

0.40 

95,300 

6.0 

8.4 

Actual 





93,300 



Estimated 

60.02 

3.00 

4.10 

1.45 

99,800 

12.0 

15.0 

j Actual 





90,000 


1 

1 Estimated 




Sn 




1 

59.06 

2.83 

3.28 

0.75 

83,000 

4.5 

8.4 

Actual 

i 

} 




93,200 

1 



Estimated 


the analysis of a complex hrsss and knowing the mechanical properties of 
the basic alloy and the efifects of the elements present in the alloy, other 
than copper and zinc, the mechanical properties of the mixture in the 
chill-cast state can be estimated. In what proportions the efifects of 
these elements would be rejSected in a complex brass in the sand-cast 
state it is impossible to say. There seems to be no reason, however, why 
these elements should not behave in the same order, if not to the same 
degree, in alloys in both the chill-cast and the sand-cast conditions. 
Assuming this to be the ease, the author's work provides a logical basis 
for the determination of the alloys best suited for use as complex brasses. 
- It seems likely that the use of metals other than aluminum, iron, and 
manganese in these complex brasses is quite unwarranted, mainly because 
those which might be used are of greater cost than those now generally 
^ployed. It is doubtful, Jbcwever, whether manganese could be reason- 
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Table 8. — Complex Brasses (ChilUcast) Tested by Smalley 


No. 

Cu,Per 

Cent. 

! 

! 

Fe, Per 
Cent. 

; 

A I, Per 
Cent. 

; Mn, Per 
Cent. 

! 

P. Per 
Cent. 

Tensile 
Strength, 
Lb per 
Sq In. 

Elongation 
in 2 In., 
Per Cent. 

AM-2 

59.45 

0.40 

1.56 

1 97 

0.02 

80,400 

22 0 







83,200 

33.0 

AM-4 

58.15 

0.25 

2.24 

4.10 

0.08 

90,700 1 14.0 







95,800 

16.5 

AM-5 

59.45 

0.22 

0 98 

3.49 

0.01 

71,200 

25.0 







78,100 

34 5 

AM-6 

68.74 

0.10 

3.12 

3 92 


80,400 

13.0 







83,900 

7.0 

AM-11 

58 76 

'0.20 

1.95 

3 43 


88,700 

13 0 







89,700 

21.5 

AM-12 

58.87 

0.10 

2.94 

0.96 


86,600 

11.0 







94,800 

27 5 

AM-13 

58.32 

0.10 

3 12 

3 92 


101,500 

13 0 







101,200 

7.0 

AM-14 

58.11 

1.65 

1.95 

3 98 


95,000 

14.0 







91,100 

24.0 

AM-23 

57.23 

0.20 

2.59 

2.08 


92,700 

12.0 







98,000 

18 0 

AM-3C 

59.34 

0.20 

3.10 

2.02 


96,200 

15.0 







95,900 

16.0 

AM-3D 

57.07 

0.32 

3.12 

1.81 


98,200 

20 0 







102,200 

8.0 

1-F 

58.96 





55,800 

45.0 







58,000 

45 0 

1-F-l 

59.37 

0.95 




60,000 

44.0 







58,600 

50 0 

l-F-3 

59.12 

2,52 




59,300 

46.0 







52,800 

54 5 

2-F 

53.41 



i 


66,500 

24,0 







71,400 

23 0 

2-F-l 

51.72 

1.05 




69,200 

16.0 







74,200 

22 5 

2-F-2 

50.77 

2.20 




74,000 

17.0 







69,700 

21.5 
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ably eliminated, in view of its marked effect on ductility when present in 
small proportions (see Fig. 7). This effect must be of some importance, 
since the increase in ductility is coincident with a definite increase in 
strength. There is no clear evidence to show that the presence of 
manganese is objectionable on account of its effect on the casting prop- 
erties of these alloys provided they contain aluminum, hence the 
elimination of manganese on these grounds can scarcely be entertained. 

If we accept the view that all three elements— aluminum, iron, and 
manganese — are of real value in these complex alloys, it seems logical to 
consider the high-strength brasses as aluminum brasses to which small 
proportions of iron and manganese are added, the former for the purpose 
of increasing the ductility without reducing the strength (see Figs. 4 and 
5), the latter for the purpose of increasing the strength without reducing 
the ductility (see Figs. 6 and 7). 
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DISCUSSION 

P. E. McKikney, Washington, D. C. (written discussion). — This report on the 
effect of hardening and strengthening elements in the high-strength brasses covers a 
field of research in non-ferrous metallurgy that has been inadequately covered in the 
past and the author’s efforts in this direction are sure to offer a valuable contribution 
to our knowledge on this subject. 

In considering the various combinations of hardening elements the author has 
based his study on materials in which there is maintained a more or less constant 
percentage of copper leaving the zinc as a variable difference between the sum of a 
constant copper content plus the varying content of the hardeners, alummum, iron, 
manganese and tin. This presents for consideration a number of alloys which are 
metallurgically improperly balanced and not compounded in such ratios as to produce 
the full effect of the hardeners. It also precludes from consideration a large number 
of practicable combinations which have considerable industrial value. 

The last paragraph in the author’s paper, which contends that these materials 
are actually aluminum brasses, is fully concurred in. Practically all of the so-called 
manganese bronzes are in reality aluminum brasses to which the hardeners, iron and 
manganese, are added. It is now rather generally recognized that brasses containing 
high percentages of iron and manganese but strictly free from aluminum are quite 
unreliable. While under ideal conditions considerable percentages of iron and 
manganese can be added to aluminum-free brass, this is not commercially practicable 
nor are the alloys reliable on account of the tendency to segregation when alummum 
is absent. 

Since these alloys are fundamentally aluminum brasses it is believed that the 
combinations of copper, zinc and aluminum should be given first consideration. 
(Considering the straight aluminum brass, we can safely use as a basic alloy the com- 
bination copper 58 per cent., zinc 42 per cent. The strength of this straight copper- 
zinc alloy can be increased without serious effect on ductility by adding aluminum 
and reducing zinc. Experience has shown that in order to obtain this increase of 
strength without serious detriment to ductility it is necessary to reduce the zinc 
content of the alloy by approximately three times the amount of aluminum additions. 
With the basic 58: 42 brass this results in a progressive decrease in zinc content and 
increase in copper content with increasing additions of aluminum to the alloy. This 
general rule holds true with aluminum additions at least up to about 6 per cent. 
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The copper-zinc alloys, while showing high strength, are sadly lacking in elasticity 
and hardness and require additions of hardening and stiffening agents such as iron 
or manganese to make them useful for structural purposes. In addition to the 
strengthening effect of aluminum in these alloys this element serves a very important 
function in rendering the hardeners, iron and manganese and particularly^ the former, 
fully soluble in the brass. It is believed that this tendency to increase solubility, 
particularly of iron, is due to the fact that aluminum reduces all oxides of iron that 
are introduced into the alloy and tends to overcome the weU-known tendency of iron 
to improperly combine with copper. In this respect aluminum acts with considerably 
greater eJEciency than zinc. Experience has shown that in order to get the maximum 
hardening and stiffening effects of the iron and manganese it is necessary to have 
present in the alloy a percentage of aluminum representing at least 50 per cent, of the 
iron and manganese additions. This ratio of combination is particularly important 
where the iron is used as a predominating hardening element. It appears that iron 
is somewhat more recalcitrant to perfect amalgamation with the alloy in the absence 
of aluminum than in manganese. It is believed that the difficulties of adding iron 
to the alloy in the absence of an ample amount of aluminum has been one of the 
principal reasons why manganese is preferred by many metallurgists over iron. In 
the writer’s opinion iron alone will serve as a very efficient hardener if it is possible 
to combine in the particular alloy sufficient aluminum to care for the proper combina- 
tion of the elements. In actual manufacturing of these alloys it is usually, however, 
considered good psychological practice to add some manganese as a hardening agent, 
because the trade as a whole seems to recognize that manganese is necessary in such 
alloys, although there is no definite information which would confirm this belief. 

With the proper combination of iron and manganese in these aluminum brasses 
it is not at all uncommon to have material that is capable of showing a true elastic 
limit as high as 30,000 lb. per sq. in. with yield point running from 45,000 to 50,000 
lb. per sq. in. These unusually high values are only possible where alloying elements, 
zinc, aluminum, iron and manganese, are properly balanced. In a properly balanced 
high-strength brass the copper can be considered simply as inert diluting agent, present 
principally in the form of solid solution. It is believed that the strengthening com- 
binations in these brasses are dependent more on the combination of zinc, iron and 
manganese than on copper and that in practically aU cases the copper plays no signifi- 
cant part in the alloy other than as a matrix metal. 

The author’s statements to the effect that tin is apparently an unnecessary con- 
stituent in these alloys is fully concurred in. While originally tin was considered a 
necessary constituent, it has been definitely estabhshed that the hardening effect 
of tin is never attended with the same maintenance of initial ductility in this alloy 
as can be accomplished with iron or manganese at considerably less cost. While 
many present-day alloys contain some percentages of tin, this exists mostly as con- 
tamination from scrap material used. It would be considered unwise practice to 
deliberately add metallic tin to this alloy. Existing specifications for manganese 
bronze permit tin up to 1.50 per cent, but do not require any minimum percentage. 

In making up these alloys, the author says that the copper was melted first, then 
the iron was added, followed by manganese. This method of combining these brasses 
is considered improper melt practice and probably accounts for some of the individual 
test records that show low ductility. 

The practice of adding metallic iron to the molten copper, especially without 
previous deoxidation of the copper, would tend to introduce some oxide of iron into 
the alloy, on account of the deoxidizing effect of iron on copper oxide. The resultant 
iron oxide will not readily free itself from molten copper and while it is possible to 
ehminate some of these oxides by the later additions of manganese, aluminum and 
zinc, it is not believed that the elimination of all of these oxides can be invariably 
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accomplished. In the writer^s opinion, it is far safer when allowing these brasses 
from virgin metals to melt copper firet, to be followed by the aluminum and man- 
ganese, then iron and zinc. The iron will dissolve far more readily in the copper- 
aluminum alloy than in the straight copper. It is believed that manj” cases of hard 
spots reported in high-strength brass are due to improper melting practice which 
permits the retention of iron oxide. 

It is sug g ested that the excellent work covered in this paper be supplemented by 
a further study of alloys in which zinc is considered as the principal ingredient for 
study in combination with aluminum, manganese and iron as strengthening, stiffening 
and hardening agents and copper as the variable factor. This investigation, which 
would go into the field of alloys containing as high as /O to 75 per cent, copper, would 
add considerable additional data to the very valuable information contained in 
this paper. 

L. H. Fawcett, Washington, D. C. (written discussion). — In actual foundry pro- 
duction, casting in sand and using scrap metal, it is more difficult to maintain high 
physical values than is possible in a metallurgical laboratorj^. Metal poured in sand 
cools slowly, which allows time for hquidation. The use of scrap makes it more diffi- 
cult to maintain a definite composition. 

We made 22 consecutive manganese-bronze (Mn brass) melts (7000 lb. each) of 
the following average chemical analysis: Cu, 58.25; Zn, 39.00; Al, 0.80; Mn, 0.70; 
Fe, 1.00; Sn, 0.25 per cent. The physical properties obtained as cast in sand are 
as follows: 

Tensile Strength, Elong.\tion in 2 In., 
Lb. pee Sq In. Per Cent. 


Average 76,747 26.4 

Highest 82,000 25 8 

Lowest 71,800 36.3 


These melts were compounded with used small arms cartridge cases and man- 
ganese-bronze scrap resulting from previous melts, to which were added the necessary 
amounts of slab zinc, scrap aluminum, metallic manganese and sand-blasted boiler- 
plate scrap. 

Another manganese-bronze combination which the author does not mention is 
obtained by reducing the zinc content and raising the percentage of the other ingredi- 
ents: t. c., Cu, 70.80; Zn, 16.35; Al, 6.16; Mn, 4.39; Fe, 2.30 per cent. Results of a 
melt of this composition obtained in foundrj’’ production is given below: 


1 

Proportional 

Limit, 

Lb per Sq In 

Tensile 

Strength, 

Lb. per Sq In 

Elongation 
in 2 In., 

Per Cent. 

Reduction 
of Area, 

Per Cent. 

Sand cast 

22,900 ' 
30,600 

1 

91,200 

97,000 

28.3 

32.8 

Chill cast 

23.3 

25 7 


M. G. Corson, New York, Y. — It is not necessary to ascribe the influence 
of aluminum to the element itself. The proportionality of the infl.uence could be 
obtained also if the aluminum sl^ould form some kind of a compound strengthening 
the alloy by dispersion hardening. In fact, if we consider the figures of aluminum 
and manganese, we will find that manganese itself increases the electrical resistivity, 
but as soon as sufficient aluminum is added the resistivity drops, and the best con- 
ductivity seems to be obtainable when the ratio of manganese to aluminum is about 
two to one, corresponding to the compound MnAl. 
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Moreover, I do not believe that an addition of 1 per cent, of any element lemaining 
in solid solution would increase the ultimate strength of a given brass by as much 
as 25 per cent. There is not a chance for a hardening of this order to result from the 
formation of a solid solution. If for instance, aluminum were added to a pure beta 
brass the hardening, if any occurred, would most probably be due to the formation of 
a delta aluminum bronze dispersed in the beta brass. With manganese present, 
there is far more chance for these two elements to form MnAl and the resistivity 
figures given by Mr. Ellis corroborate this suggestion of mine. 

It is frequently said: Let’s keep the copper at a fixed percentage and substitute 
some aluminum or something else for the equal amount of zinc. I believe that this 
expression is entirely incorrect. One cannot substitute one metal for another in 
alloys, particularly in a solid solution. What we can do is to take a certain base 
alloy and dilute it with some other element. So in the case of a ternary brass one 
would have to use the triangular of a diagram and to draw a line from the summit 
of the third metal, say, tin or aluminum, to the representative point of the base alloy 
upon the base of the triangle (Fig. 15). 





Fig. 15. — An alloy X does not repkesent the alloy A where part op the 

COPPER HAS been REPLACED BY Al, NOR DOES IT REPRESENT ALLOY B WITH PART OP 
THE ZINC REPLACED BY Al, BUT THE ALLOY 0 DILUTED WITH Al. 

F H. Clark, New York, N. Y. — Has Mr. Ellis studied the microstructure of these 
60: 40 brasses and noted the effect of a small addition of iron, aluminum or manganese 
on the transition point which occurs at 470® C. ? 

O. W. Ellis (written discussion). — Mr. McKinney’s discussion of this paper 
deserves most careful attention. The author fully appreciates his criticism of the 
narrowness of the field covered by the experiments. It is true that a series of tests 
on alloys containing higher percentages of copper are necessary, if there are to be 
included those “metallurgically balanced” mixtures which are finding their place 
in engineering service today. However, a start must be made somewhere and it was 
decided to begin with the alloys having a copper content approaching that of the 
well-known Parson’s manganese bronze. Whether similar series of tests can be made 
on alloys of higher copper content by the author he cannot at the moment say; it is, 
however, a fascinating field for investigation. 

The author is glad to have confirmation of his contention that these alloys are 
essentially aluminum brasses to which iron and manganese are added for the purpose 
of obtaining specific properties. While this view has doubtless been held by many 
workers in this field, the author has never seen or heard the view expressed. That 
a fuller investigation of the effect of aluminum on brass is deserved goes almost 
without saying. 

Mr. McKinney’s remarks with regard to the method of melting are well taken, 
if we are considering what might be termed ordinary foundry practice. It is true 
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tliat wc mdted tlic* copper and tlien introduced the iron, but the melting was done in 
an induction furnace in graphite crucibles, and the possibility of oxidation of the 
j'opper during melting Wiih extremely remote. The iron, after it had been intro- 
duced, was allowed to remain in the copper untd there was absoluteU’’ no evidence of 
its presence, Those who have attempted to add iron to copper under such conditions 
will know that as long as any undissolved iron is present it can be seen as clearly and 
definitely as one could wish. It w’as not until we were absolutely satisfied that the 
iron had completely disappeared by solution in the copper that we proceeded with 
our experiment. 

Only once did we have the least evidence of trouble in this connection, and that 
was in about the third melt, which, of course, was rejected. In that case some undis- 
solved iron had remained in the melt and this rose to the top of the ingot when 
we poured. 

Mr. Fawcett s remarks regarding the mechanical properties of certain sand-cast 
alloys are interesting. They have raised a point in my mind in regard to the relation- 
ship between the mechanical properties of chill-cast and sand-cast alloys. I may be 
too hastily jumping at conclusions here, but an examination of a large number of 
tests has led me to believe that the difference between the mechanical properties of 
sand-cast and chill-cast alloys is greater in the case of low-strength alloys than in the 
case of high-strength alloys. In other words, one might expect that the estimated 
mechanical properties obtained from the curves shown in the paper would more 
closely correspond with the properties of sand castings the more complex, if you like 
to call it, the alloy. This point, however, deserves further investigation. 

Mr. Corson’s remarks are interesting. He and I have discussed the possibility 
of the formation of an intermetallic compound in these alloys before. There is one 
thing, however, that should be mentioned here. The effect of manganese on the 
electrical resistivity of these alloys is uniformly the same even when the content of 
manganese is increased to as much as 18 per cent. Westinghouse Electric & 
Manufacturing Co. employs an alloy of high electrical resistivity which is essentially 
a brass containing a high proportion of manganese. By assuming that the effect of 
manganese is uniformly the same no matter what the amount present in the alloy 
(4 microhms per cm. cubed per cent, of manganese) I obtained a value for the resis- 
tivity of the alloy which corresponded very closely to that determined by experiments. 
It is difficult for me to believe that the hardness of these alloys is due to the dispersion 
of any constituents unless it be the iron compound of which we still have to determine 
the composition. Actually, the author has endeavored to treat these alloys with a 
view to getting the compound to go into solution and causing it to precipitate in 
finely divided form. So far his experiments have not been successful. This line of 
investigation may be worth following, however. 

With regard to Miss Clark’s question as to the microstructure of these alloys, we 
did investigate these; chiefly, however, with the view of determining the manner in 
which the iron constituent was distributed, because, of course, the distribution of the 
iron constituent in these alloys might have an extremely important effect on the 
mechanical properties. We found that in all cases the distribution was sufficiently 
uniform to enable us to say that the mechanical test results were not affected by this 
important factor. We have samples of these alloys remaining and it is our intention, 
when time permits, to follow up the investigation with micrographic and thermal work. 



Heat Treatment and Mechanical Properties of Some 
Copper-zinc and Copper-tin Alloys Containing 
Nickel and Silicon 

By W, C. Ellis* and Eaele E. Schtjmacher,* New York, N. Y* 

(New York Meeting, February, 1929) 


Nonferrous alloys upon which desirable properties can be con- 
ferred by heat treatment are becoming of increasing industrial impor- 
tance. The alloys of copper with a constituent which has a solubility 
varying with temperature are materials of this character. Some of the 
constituents which are effective in producing a change in the mechanical 
properties of these alloys upon heat treatment are, according to Corson,* 
nickel and silicon, iron and silicon, cobalt and silicon, and chromium and 
silicon. In addition to these elements, Gregg^ states that the combina- 
tion of beryllium and silicon is effective in producing age-hardening 
characteristics in copper. The effect of these elements, however, as 
dispersion-hardening constituents in the copper alpha solid solutions does 
not seem to have been studied in any considerable detail. This paper 
deals with the heat treatment and properties of three alpha brasses 
containing 3 per cent, of nickel plus silicon in the proportion necessary to 
form the compound nickel silicide, Ni 2 Si. Some information of a 
preliminary nature in regard to the hardening by heat treatment of 
phosphor bronze containing the same percentages of nickel and silicon 
is included. 

The method of hardening the alloys, which is effective in increasing 
the tensile strength and proportional limit, is similar to that used in 
the case of duralumin type aluminum alloys. It consists of a quench 
from a temperature at which the hardening constituent is in solid solu- 
tion, followed by an aging at a lower temperature to precipitate the 
dissolved constituent in a dispersed condition. This results in an 
increased resistance of the alloy to deformation with an attendant 
improvement in the tensile properties. 


* Bell Telephone Laboratories. 

* M. G. Corson: Copper AUoy Systems with Variable Alpha Eange and Their Use 
in the Hardening of Copper. Proc. Inst. Metals Div., A. I. M. B. (1927) 435. 

®J. L. Gregg: Dispersion Hardening in Copper-base and Silver-base Alloys. 
See page 499. 
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Preparation of Alloys 

The alloys were melted under charcoal in a graphite crucible. The 
component metals were electrolytic copper, electrolytic nickel and com- 
mercial silicon. The zinc used in preparing the brass alloys for the pre- 
liminary study was a brass special containing 99 per cent. zinc. The zinc 
added to alloys Nos. 33, 34 and 35, on which final tensile tests were made, 
was Anaconda high grade electrolytic. Straits tin containing 99.9 per 
cent, tin was used in preparing the phosphor-bronze alloys. In con- 
formity with good practice, the zinc was added to the brass alloys just 
prior to pouring. 

The metal was cast into plates 0.75 in. thick, 4 in. wide, and 10 in. 
long. The plates were cold-rolled to 18 and 24 B. & S. gage sheet. 
Frequent annealings were necessary. The anneal consisted of heating 
for 15 min. at 700° C. An attempt was made to hot-roll some of the 
brass alloys but the plates invariably cracked in the first pass. The 
studies, however, did not extend over a sufficiently wide range of tem- 
peratures and reductions to permit definite conclusions to be drawn as to 
the hot-working qualities of these compositions. 

Heat Treatment and Mechanical Properties of Nickel-silicon 

Brass 

Effect of Heat Treatment on Hardness of Cast Alloys, — In a study of 
the properties of the cast alloys, it was found that the hardness could be 
varied through wide ranges by suitable heat treatment. The Rockwell 
hardness values of several of these alloys, chill-cast, quenched, and 
quenched and aged, are given in Table 1. The hardness in the chill- 
cast condition increased with the percentage of zinc in the alloy. In 
the compositions containing 10 and 20 per cent, of zinc the heat treat- 
ment resulted in an appreciable increase in hardness. The hardness of 
the alloy containing 30 per cent, of zinc was not much changed from the 
as-cast condition by quenching and aging. Reference to the results in a 
later section of this paper obtained on rolled sections would indicate. 


Table 1. — Effect of Heat Treatment on Hardness of Some Cast Nickel- 

siUcon Brasses 


Nominal CompKjeition 

Rockwell Hardness, “B’* Scale, 100-kg. Load 

Cu, Per 
Cent 

Zn, Per 

1 Cent 

1 NisSi, Per 
c Cent. I 

j Chill Cast j 

Quenched 
from 875° C. 

Quenched from 875° C , 
Aged 1 Hr. at 550° C. 

97 

' 0 

3 


‘ -10 

83 

87 

1 10 

3 

35 

0 

79 

77 

j 20 1 

3 

65 

8 

75 

67 

30 

3 j 

70 

28 

72 ' 
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however, that considerably higher hardness values might be expected in 
these cast alloys from a lower aging temperature. The results do show 
that alloys of this composition may have possibilities in the manufacture 
of high-strength brass castings. 

Efect of Heat Treatment on Mechanical Properties of Rolled Alloys . — 
An extensive study was made of the effect of heat treatment on the 
tensile properties of 0.040-in. sheet nickel-silicon brass containing 3 per 
cent, of nickel plus silicon with 10, 20 and 30 per cent, of zinc. The 
tensile tests were made in conformity with the best practice for sheet 
brass as outlined by Van Deusen, Shaw and Davis.^ 

The alloys before heat treatment were finished hard. The mechanical 
properties in this condition are given in Table 2. 


Table 2. — Mechanical Properties of Rolled Nickel-silicon Brass 0.040 in. 

Sheet; Finished Hard 


Material 

No. 


Composition 

1 

Rockwell 
Hardness, 
“B" Scale, 
100-kg. 
Load 

Propor- 
tional 
Limit, Lb 
per sq m. 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

Elonga- 
tion in 

2 In , 
Per 
Cent. 

Modulus of 
Elasticity, 
Lb per Sq 
In. X 10-« 

Zn, Per 
Cent 

1 1 

I Ni, Per 
Cent. 

Si, Per 1 
Cent, 1 

6 

9.79 

1 i 

1 2.10 ; 

0.45 

98 

31,000 

108,000 

1.0 

15.7 

9 

19.58 

i 2 54 

0 68 1 

93 

31,000 

94,800 

5.0 

15.2 

35 

30.12 

j 2,36 1 

0.66 : 

98 

48,000 

114,000 

2 5 

14.0 


To determine the optimum conditions of heat treatment necessary for 
developing the best combination of physical properties in these alloys, 
the one containing 10 per cent, of zinc was studied in detail. The effect 
on the properties of the alloy of varying each of the three following condi- 
tions, independently, was determined: (1) the quenching temperature, 
(2) the quenching temperature with subsequent aging at constant tem- 
perature, (3) the aging temperature after quenching from a given tem- 
perature. The information obtained with this one alloy made it unneces- 
sary to carry out an equally detailed investigation in the determination 
of the best heat treatments for the alloys of higher zinc content. Accord- 
ingly, only the effect of aging at several temperatures after quenching 
from two temperatures was studied in the case of alloys containing 20 
and 30 per cent, of zinc. 

The change in the mechanical properties of the alloy containing 10 
per cent, of zinc resulting from a variation of the quenching temperature 
is shown in Fig. 1. The specimens were held at the temperature of 
quenching for 15 min. The hardness of the alloy decreases as the tem- 
perature of quench is raised to 800° C. Quenching from 900° C. results 
in properties almost the same as those obtained by quenching from 

® H. N. Van Deusen, L, I. Shaw and C. H. Davis: Physical Properties and Methods 
of Test for Sheet Brass. Froc. Am. Soc. Test. Mats. (1927) 27, Pt. 2, 173. 
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800“ C. This indicates that the nickel and silicon are completely in solu- 
tion at 800“ C., and that no material benefit to the properties may be 

expected from Quenching at a higher temperature. IV^oreover, the drastic 

quench from 900“ C. has a tendency to crack the thin sections of metal. 

From Fig. 2, which shows the mechanical properties of this material 
quenched at temperatures from 700“ to 900“ C., followed by aging for 



Fig. 1. — ^Effect of quenching temperature on mechanical properties of 
NICKEL-SILICON BRASS COOTAINING 9.79 PER CENT, Zn, 2.10 PER CENT, Nl AND 0.45 
PER CENT. Si. 

1 hr. at 500° C., it is evident that raising the quenching temperature 
considerably above 800° C. results in somewhat inferior properties in 
the heat-treated material. This may be due to the ordinary type of 
deterioration observed in brass annealed at unduly high temperatures. 
This class of alloys, however, when quenched from 800° to 850° C. seems 
to be free from this objection. As a result of these considerations, it 
seems probable that the best quenching temperature is 800° C. 
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It remains to determine the best aging temperature. Fig. 3 shows the 
results obtained on aging this alloy, after quenching from 800° C., at tem- 
peratures from 300° to 600° C. The best mechanical properties resulted 
from an aging treatment at 500° C. for 1 hr. Aging for 1 hr. at 600° C. 
caused an appreciable softening of the alloy accompanied by a decrease 
in strength. 



Fig. 2. — Effect of quenching temperatueb on mechanical properties of heat- 
treated NICKEL-SILICON BRASS, CONTAINING 9.79 PER CENT. Zn, 2.10 PER CENT. Nl 
AND 0.45 PER CENT. Si. SPECIMENS WERE AGED FOR 1 HR. AT 500° C, 


To determine whether 1 hr. was too long a time for the aging at 500° C., 
one specimen was aged for 10 min. The hardness number and ultimate 
strength for this specimen, as shown in Table 3, were sufliciently high 
to indicate that the major portion of precipitation had occurred in 10 
min. Subsequent tests showed that the Rockwell hardness numbers, in 
the case of this alloy were not appreciably different after aging for periods 
which varied from 1 to 24 hours. 
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Fig. 3.— Effect of aging temperature on mechanical properties of nickel 
SILICON BRASS, CONTAINING 9.79 PER CENT. Zn, 2.10 PER CENT. Nl AND 0.45 PER CENT 
Si. Specimens were quenched from SOO"" C, and aged for 1 hr. at temperatures 

SHOWN. 


Table 3— Effect of Time of Aging at 500° C. after Quenching at 800° C. 
on Mechanical Properties of Nickel-silicon Brass Containing 
9.79 Per Cent Zinc 


Heat Treatment 

Rockwell 
HardnesSt 
“B** Scale, 
100-kg. 
Load 

Proportional 
Limit, Lb 
per Sq. In. 

Ultimate 
Strength, 
Lb. per Sq. 

Elongation 
in 2 In , 
Per Cent. 

Modulus of 
Elasticity, 
Lb per Sq 
In.X10“6 

Quenched from 800° C.; 
aged 10 min. at 500° C .j 

SO 

1 33,300 

77,400 

15 

16.2 

Quenched from 800° C.; \ 

88 j 

32,200 




aged 1 hr. at 500° C j 

84,600 

16 

17.8 
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In a preliminary study, specimens of the 20 per cent, zinc alloy were 
quenched from 800® and 850® C. and subsequently aged at 500® C. for 
1 hr. The specimen quenched from 850® C. had somewhat superior 
properties, as a whole, in the hardened condition. Consequently, the 
specimens of this composition were quenched from 850® C. and aged at 
temperatures from 300° to 600® C. The results are shown in Fig. 4. 



Fig. 4. — Effect of aging temperature on mechanical properties of nickel- 
silicon BRASS, containing 19.58 PER CENT. Zn, 2.54 PER CENT. Nl AND 0 68 PER CENT. 
Si. Specimens were quenched from 850° C. and aged for 1 hr. at temperatures 
SHOWN. 

As in the case of the 10 per cent, zinc alloy, the best mechanical proper- 
ties were developed by aging for 1 hr. at 500® C. 

The alloy containing 30 per cent, of zinc when quenched from 800° 
and 850° C., and subsequently aged at 500° C. for 1 hr., developed approxi- 
mately the same tensile properties. The lower quenching temperature 
was chosen for subsequent studies. Fig. 5 shows the effect of aging at 
temperatures from 300® to 600° C. on the properties of this alloy after 
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quenching from 800° C. It will be observed that the best values were 
obtained by an aging for 1 hr. at 400° C. 

The averages of the tensile values for four specimens of each composi- 
tion, heat-treated to give the best combination of properties, are sum- 
marized in Table 4. Anaconda electrolytic zinc was used in preparing 
these alloys. 



Fig. 5. Effect of aging temperature on siechanical properties of nickel- 
silicon brass, CONTAINING 30.12 PER CENT. Zn, 2.36 PER CENT. Nl, AND 0,66 PER CENT. 
CM. toPECIMBNS WEBB QUENCHED FROM 800° C. AND AGED FOR 1 HR. AT TEMPERATURES 
SHOWN. 


The proportional limit, the ultimate strength and the hardness of 
these alloys in the heat-treated state compare favorably with values 
obtained with high-brass sheet in the harder tempers. The moduli of 
elasticity of the several compositions are appreciably higher resulting in 
an increased resistance of the materials to elastic deflection. That the 
ductility of this class of alloys is much greater than that of spring brass is 
evident on comparing the figures in Table 4. 
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Table 4. — Tensile Properties of Heat-treated Nickel-silicon Brass 



Composition 


Rock- 
1 well 

1 

1 Pro- 

Ultimate 

1 Strength, 
i Lb per 

1 Sq In. 

Elonga- 
tion in 

2 In., 
Per ! 
Cent. 

1 

Modu- 
lus of 
Elastic- 
ity, Lb. 
per Sq. 
In. X 

Material 

No. 

Zn, 

Per 

Ni, 

Per 

, Si, 

1 Per 

j Heat Treatment 

1 Hard- 
1 ness, 
“B” 
Scale, 

1 Por- 
> tional 
Limit, 
Lb. per 


Cent, 1 Cent. 

j Cent- 

1 ' 

100-kg. 

Load 

Sq. In. 

1 i 

io-» 

33 

9.89 

' 2.32 

1 

I 0 57 

! i 

Quenched from 800® j 
, C.; aged 1 hr. at i 
500® C. j 

86 

44,500 

90,000 

14 0 

19,8 

34 

19.89 

2.37 

0.57 

Quenched from 850® i 

85 

37,200 

85,800 

21.5 

17.2 




1 

[ 1 

; C.; aged 1 hr. at I 
500° C. j 


! 




35 

30.12 

2.36 

! 0.66 

Quenched from 800® i 

79 

38,000 

85,400 

28 0 

16,5 





C.; aged 1 hr. at | 
400® C- 1 






High- 

35.00 



20 B. & S. gage; 10 j 

88 

33,800 

92,700 

3.5 

14. 0^ 

brass ' 

(Nominal) 

1 

Nos, hard. t 






Sheet- ' 


1 

' i 








« H. N. Van Deusen, L. I. Shaw and C. A Davis. Loc. cit. 

* Average value obtained as result of tests in Bell Telephone Laboratories. 


' Effect of Cold Rolling after Heat Treatment on Properties of 

Nickel-silicon Brass 

Sheets of nickel-silicon brass, 18 B. & S. gage (0.040-m.), the prop- 
erties of which are recorded in Table 4, were heat-treated to give 
optimum mechanical properties and subsequently cold-rolled to 24 gage 
(0.020-in.) sheets. The mechanical properties, determined for these 
materials in this condition, are compared in Table 5 with values pre- 
viously obtained for heat-treated sheet. 

Table 5. — Effect of Cold Rolling after Heat Treatment on Properties of 
Some HardenaUe Brasses 


Material 

No. 

Composition 


Rockwell 
Hard- 
ness, “B” 
Scale, 
100-kg. 
Load 

Propor- 
tional 
Limit, 
Lb. per 
Sq. In. 

Ultimate 

Elonga- 

Modulus 
of Elas- 

Zn, 

Per 

Cent. 

Per 

Cent. 

Si, 

Per 

Cent. 

Condition 

Strength, 
Lb. per 
Sq. In. 

tion in 2 
In., Per 
Cent. 

ticity. 
Lb. per 
Sq. In. 

X io-« 

33 

9.89 

2.32 

0.57 

Heat-treated* 

86 

44,500 

90,000 

14.0 

19.8 

33 

9.89 

2.32 

0.57 

Heat-treated 

Cold-roUed 

97 

43,800 

113,700 

2.5 

14.6 

34 i 

19.89 

2.37 

0.57 

Heat-treated* 

85 

37,200 

85,800 

21 5 

17 2 

34 

19.89 

2.37 

0.57 

1 

Heat-treated 

Cold-rolled 

98 

33,850 

111,200 

3.0 

14.5 

35 

30.12 

2.36 

0.66 

Heat-treated* 

80 

33,700 

81,400 

22.1 

16.8 

35 

30.12 

2.36 

0.66 

Heat-treated 

Cold-roUed 

96 

29,550 

108,300 

3.0 

13.8 

35 

30.12 

2.36 

0.66 

Heat-treated t 

79 

38,000 

85,400 

28.0 

16 5 

35 

30.12 

2.36 

0.66 

Heat-treated 

Cold-rolled 

98 

39,500 

118,500 

2 0 

14.4 


* Aging temperature, 500® C. 
t Aging temperature, 400® C. 
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Strain hardening increases the hardness approximately 15 Rockwell 
numbers and the ultimate strength from 25 to 40 per cent. The pro- 
portional limits in three cases are appreciably less. Material 35, aged 
at 400° C., shows an increase in proportional limit. A comparison of 
the moduli values obtained for the heat-treated, and heat-treated and 
cold-rolled specimens indicates that cold rolling reduces the modulus of 
elasticity of the heat-treated material. 

Structure of the Alloys 

Figs. 6, 7 and 8 are photomicrographs of sections of the nickel-silicon 
brass containing 30 per cent, of zinc in the quenched, and quenched and 



Fig. 6. — Nickel-silicjon brass containing 30.12 per cent. Zn, 2.36 per cent. 
Ni AND 0.66 per cent. Si. Quenched from 800° C.; twinned structure consisting 
OF SMALL GRAINS. X 100. 

aged condition. A solution of ammonium hydroxide and hydrogen 
peroxide was used for etching. The sections present typical twinned 
structures. The finely dispersed dark inclusions in the crystals would 
indicate the presence of a second constituent. That this is the con- 
stituent responsible for the change in properties seems unlikely since it 
occurs in both the quenched and quenched and aged structures. 

The crystal size as shown in Fig. 6 is much smaller than would be 
expected in a brass heated to 800° C., and corresponds more nearly to 
that developed by annealing at 600° C. Nickel and silicon apparently 
inhibit crystal growth in these alloys. 
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Fatigue Characteristics of Nickel-silicon Brass 

The fatigue characteristics in reversed bending of heat-treated nickel- 
silicon brass alloys containing 10, 20 and 30 per cent, of zinc are now 
being investigated. Results thus far obtained indicate that the endur- 



Fiq, 7. — Same specimen as in Fig. 6: showing structure in greater detail. 
X 350. 

Fig. 8. — Specimen op same composition as shown in Figs. 6 and 7, Quenched 
PROM 800° C. AND aged 1 HR. AT 450° C. X 350. 


ance limits of these materials are not much different from the values 
obtained in the case of high brass sheet^ in the harder tempers when 
tested under the same conditions in the same type of machine. 

^J. R. Townsend: Telephone Apparatus Springs. Trans, Am. Soc. Mech. 
Engrs. Reprint, Dec., 1928. 



»>4f» HEAT TREATMENT OF COPPER-ZIXC AND COPPER-TIN ALLOYS 


Hardening b\ Heat Treatment of Phosphor-bronze Alloys Con- 
taining Nickel and Silicon 

The effect of heat treatment on the properties of phosphor-bronze 
alloys containing 3 per cent, of nickel plus silicon, and 4 and 8 per cent, of 
tin, respectively, is shown in Table 6. As in the case of the nickel- 
silicon brasses, the hardness of these alloys can be varied by suitable 
heat treatments. The maximum hardness values are very nearly the 
same as those obtained with the same percentages of nickel and silicon 
in brass. 


Table 6.— Effect of Heat Treatment on Hardness of Two Phosphor-bronze 
Alloys Containing Nickel and Silicon 


Rockwell Hardness, “B” Scale, 
100-kg. Load 


Mar- 

tenai 

I 


Composition 



1 Quenched 

1 from 

I Quenched from 

1 800“ C. 

No. 






1 



Cu, Per 
Cent. I 

i 

Sn, Per 
Cent 

Ni, Per 
( Cent. 1 

Si, Per 
Cent. , 

P, Per 
Cent. 

800“ C. 

lAged 1 Hr. 
j at 400“ C. i 

1 

Aged 1 Hr. 
at 500“ C. 

1 

92 93 

3.88 

2.33 ; 

0.58 

0.37 

55 i 

78 

80 

2 

88.40 ' 

7.76 

2.37 , 

0.69 , 

0.40 

64 j 

79 

78 


The data given in Table 7 indicate the tensile properties which may 
be expected in some heat-treated phosphor bronze alloys containing 
nickel and silicon. The values for hardness, proportional limit, and 
tensile strength are not so high as those obtained with similar alloys 
rolled to the harder tempers, but containing no nickel and silicon. These 
results, however, are essentially preliminary, and are included only to 
indicate that the properties of these alloys can be varied by heat treat- 
ment. Alloys with better tensile properties might be expected to result 
from a change of the nickel and silicon content. 


Table 7. — Properties of Some Heat-treated Phosphor-bronze Alloys 
Containing Nickel and Silicon 


Material 

No. 

Heat Treatment 

Rockwell 

Hardness, 

“ B ” Scale, 
100-kg. 
Load 

Propor- 
tional 
Limit, Lb. 
per 

Sq. In. 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

Elongation 
in 2 In., 
Per Cent. 

Modulus of 
Elasticity, 
Lb. per Sq. 
In. X 10-» 

1* 

Quenched from 800° C.; 

1 aged 1 hr. at 500° a. . 

80 

37,900 

73,000 

22 

17.5 

2 

Quenched from 800° C.; 
aged 30 min, 500° C. . . 

80 

i 

31,000 

74,100 

22 

18.6 


Analyses given in Table 6. 
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jjisPERsioN Hardening in Nickel-silicon Brass and Bronze 

The hardness values of the alloys resulting from different heat treat- 
ments are summarized in Table 8. The hardness in the quenched condi- 
tion Increases with the percentage of zinc present. This hardness is 
probably for the most part a solid solution hardness and would in general 
be expected to increase with the percentage of solute atoms in the alloy. 
That the effect of the different atoms in producing hardness is not additive 
is clearly evident in the case of brass. Bassett and Davis^ have found 
that the addition of zinc to copper increases the hardness of the annealed 
alloys to a Rockwell “B^^ of 10 numbers at a composition of 25 per cent, 
of zinc. From this point the hardness decreases to the composition at 
which the beta constituent begins to appear. The addition of a con- 
stant percentage of nickel silicide to the copper-zinc alloys results, 
however, in a hardness increasing with the percentage of zinc. 

It is possible that the percentage of nickel and silicon in these alloys 
may exceed the solubility limit of these elements in the alpha solid solu- 
tion at the quenching temperature. If this is the case, a hardening 
effect would be expected as a result of the second phase. Not enough 
information is available on the solubility relations in this system to decide 
whether or not this factor exists. 


Table 8. — Effect of Zinc and Tin Content on Hardness of Nickel-silicon 

Brass and Bronze 


Composition 

Rockwell Hardnes-s, “I 
100-kg. Load 

3” Scale, 

Zn, Per Cent. 

Sn, Per 
Cent. 

Ni, Per 
Cent. 

Si, Per 
Cent. 

Quencked j 

Quenched 
and Aged 

Increase 



2.36 

0.58 

0 

85 

85 

9.89 


2.32 

0.57 

15 

88 ■ 

73 

19.89 


2.37 

0 57 

30 

86 

56 

30.12 

j 

2.36 

0.66 

59 

80 

21 


1 3.88 

2.33 

0.58 

55 

87 

32 


i 

2 37 

0.59 

64 

78 

14 


In some preliminary studies of the effect of time and temperature 
of aging on maximum hardness, it was found that the aging temperature 
for maximum hardness decreases as the percentage of zinc is increased. 
Likewise, at a given temperature the time of aging required to produce 
the maximum hardness decreases with the percentage of zinc present. 
These observations lead to the conclusion that the stability of the nickel 

® W. H. Bassett and C. H. Davis : Physical Characteristics of Commercial Copper- 
zinc Alloys. Proc. Inst. Metals Div., A. 1. M. E. (1928) 55. 
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silicide supersaturated solution decreases as the percentage of zinc 
increases. This behavior would be expected, since the addition of zinc 
distorts the copper lattice,® which results in an increase in the lattice 
energy. Consequently it may be argued that the higher the zinc content 
in the alloy, the less the external energy required to bring about the phase 
change. The phase change, in this case, may be considered as the 
divorcement of nickel and silicon from the lattice. 

Further interesting data in connection with the general theory of 
age hardening would result from an investigation of the effect of different 
percentages of nickel silicide on the characteristics of the alloys. Such 
an investigation would also extend the limits of useful alloys in this field. 

Summary 

1. The mechanical properties of copper-zinc alloys containing nickel 
and silicon in both the cast and rolled condition can be varied over a 
wide range by suitable heat heatment. The response to heat treatment 
in the cast condition suggests that these alloys may have possibilities 
in the manufacture of high-strength brass castings. The proportional 
limit, the ultimate strength and hardness of these alloys in the rolled 
and heat-treated condition are approximately the same as values obtained 
for spring brass sheet containing a nominal 35 per cent, "of zinc. 
The moduli of elasticity for the several compositions are appreciably 
higher and the ductility, as evaluated by elongation, much greater than 
values obtained for spring brass {sheet. 

These alloys have another desirable property. The hardening is 
brought about, not by cold rolling, but by a heat treatment. This would 
permit forming operations on the manufactured part to be performed on 
the soft material. The desired hardness and strength can be secured by 
a subsequent heat treatment. Spring brass, phosphor bronze and nickel- 
silver are shaped, of necessity, in the cold-rolled state. In parts involv- 
ing sharp bends this may result in severe local overstrain. 

2. Further increase in the tensile strength and the hardness of these 
alloys results from cold rolling the heat-treated material. The pro- 
portional limit is not much affected by the subsequent rolling, but the 
modulus of elasticity is effectively lowered. 

3. Incomplete tests of the fatigue behavior in reversed bending of 
heat-treated nickel-silicon brass alloys indicate an endurance limit not 
much different from that of high-brass sheet. 

4. The mechanical properties of copper-tin alloys containing nickel 
and silicon can be varied by heat treatment. The preliminary results 
indicate the possibility of developing useful alloys of this type. 

® The addition of 38.7 per cent, of zinc alters the parameter of the copper lattice 
from 3.60 A to 3.696 A. E. A. Owen and G. D. Preston: X-ray Analysis of Zinc- 
copper Alloys. Proc, Phys. Soc. London (1923) 36 , 49. 
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DISCUSSION 

T. S. Fuller, Schenectady, N. Y. — While reading this paper two questions 
occurred to me: (1) What is the effect of time at the quenching temperature on the 
mechanical properties of these alloys, and (2) would it not be well to include in the 
tables the properties of the alloys of copper containing the same amount of nickel 
and silicon and similarly treated? 

J. R. Townsend, New York, N. Y. (written discussion). — In connection with this 
paper by two of my associates, it may be of interest to report the fatigue endurance 
limits of the copper-zinc alloys hardened b 3 ^ the addition of nickel and silicon 
and also that of high-brass sheet. The chemical composition of high-brass 
sheet is nominall}’- 65 per cent, copper and 35 per cent, zinc and compares closely in 
composition with alloj' No. 35 in the paper under discussion. Table 9 repeats the 
phj'sical properties of these alloj^s and gives the endurance limit as determined on 
specimens of sheet approximately^ % in. wide and 3 in. long. Specimens that endured 
a maximum stress in alternate flexure for 100,000,000 cycles were considered to have 
reached their endurance limit. The stress was calculated using the value of modulus 
of elasticity determined from a load deflection curve made for the specimens under test. 

It will be noted that the endurance limit for alloy 35 in the heat-treated and aged 
condition is 33 per cent, higher than annealed high-brass sheet and 17 per cent, higher 
than high-brass sheet rolled 10 B. & S. numbers hard. 


Table 9. — Fatigue Endurance and Related Properties of Brass Sheet 


Material 

Temper. 

Ultimate 
Strength, 
Lb. per 
Sq In. 

Rock 

Hard- 

ness 

“B” 

Scale 

Propor- 
tional 
Limit 
Lb per 
Sq In 

Elonga- 
tion in 

2 In. 
Per Cent. 

Modu- 
ulus of 
Elas- 
ticity j 

Fatigue 
Limit, 
Lb. per 
Sq In. 

Cu 65, Zn 35— High- 








brass sheet 

0 

46,600 

16 

12,000 

58 

14 

12,000 

Cu 65, Zn 35— High- 







brass sheet 

10 

95,600 

87 

30,000 

2 

14 7 

13,600 

Alloy 33 

Quenched 
800° C. 

Aged 1 hr. 
at 500° C. 

90,000 

86 

44,500 

14 

19 8 

14,000 

Alloy 34 

Quenched 
850° C. 

Aged 1 hr. 
at 500° C. 

85,800 

85 

37,200 

21 5 

17.2 

13,000 

AUoy 35 

1 

Quenched 
800° C. 

Aged 1 hr. 
at 400° C. 

i 

1 

85,400 

79 

38,000 

28.0 

16.5 

15,900 
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C. S. Smith, Wiiterhury, Conn. — Have the authors investigated the effect of 
cold work on tlie allo\ s after the high-teniperature quenching, before the precipitation 
h(‘at treatment? It appears from some preliminary work that I have carried out 
that cold working at this stage reduces the temperature at which maximum hardness 
occurs, and, if carried out to a sufficient extent, will cause precipitation to occur even 
at room temperature. I have observed this particularly in a binary copper-silicon 
alloy, in which the maximum hardening occurred when the quenched alloy was rean- 
neaied at 450® C. After reducing 8 per cent, in thickness, the peak in the curve 
occurred at 350° C., while after 50 per cent, reduction the alloy did not harden on 
annealing but immediately commenced to soften. The X-ray diffraction pattern 
showed several lines due to the 7 copper-silicon constituent (CusSi) superimposed on 
those due to the a. solid solution lattice, indicating that fairly complete precipitation 
had occurred. Precipitation at room temperature is a possible explanation of 
Mr. Gregg’s obser\'ation" that most age-hardening alloys harden very rapidly on 
cold working. 

W. C. Ellis and E. E. Schumacher (written discussion). — Mr. Fuller has raised 
an interesting point in connection with the effect of time at the quenching temperature 
on the properties of the alloys. The results given in this paper are for alloys heated 
at the quenching temperature for 15 min. In a preliminary study, however, the 
Rockwell hardness values were determined after heating for 15 min., 30 min., 1 hr, 
and 2 hr. prior to quenching. The results, shown in Table 10, together with the 
hardness values resulting from subsequent aging of the quenched material, indicate 
rather constant hardness independent of the time at the quenching temperature. 
This is indicative, although by no means conclusive, that the other properties, in the 
case of these alloys, would be constant with time held at the quenching temperature. 

In answer to Mr. Fuller’s second question, since the investigation was confined 
to a study of the properties of zinc-containing alloys, we have no data on nickel- 
silicon copper for direct comparison. A comparison with the data of Corson® for 
nickel-silicon copper, however, indicates that the addition of zinc does not have much 
effect on the tensile properties in the hardened condition. 

Mr. Smith has emphasized one of the most interesting phases of this investiga- 
tion; namely, the combined effect of hardening by dispersion and by mechanical 
strain. We have made a study of the effect of mechanical strain on the properties 
of the alloy containing 30 per cent, of zinc after quenching as well as after quenching 
and aging. The alloy hardened very rapidly in the quenched state with cold work. 
After reduction 10 B. & S. gage numbers the 0,020-in. sheet had reached the hardness 
values obtained on fully heat-treated sheet, but not the values obtained through cold 
rolling heat-treated sheet a corresponding reduction. The question naturally arises 
as to whether part of this hardness is not due to a precipitation from the supersatu- 
rated solid solution brought about by the mechanical strain. In some subsequent 
studies of some similar dispersion-hardening alloys in the form of hard-drawn wire, 
aging was actually found to occur at room temperature. We plan to discuss this 
interesting -point more completely in a later paper. 


^ See page 409. 

®M, G. Corson: Copper Alloy Systems with Variable Alpha Range and Their 
Use in the Hardening of Copper. Proc. Inst. Metals Div., A. I. M. E. (1927) 435. 
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Table 10 . — Effect of Time at Quenching Temperature on Hardness of Some 

Nickel-silicon Bypasses 


Quenching Temperature 800° C. 


Mate- 


Composition 


1 Time at 

Rockwell Hardness 
“B” Scale; 100-kg. load 

naJ 

No. 

1 

1 Zn, 

1 Per Cent. 

1 

Ni. 

Per Cent 

Si. 

Per Cent. 

Quenching 

1 Temperature i 

1 

As Quenched jSub^Quently 

1 I 

33 

9.89 

2.32 

1 0.57 

15 min. 

j 37 

88 





30 min. 

33 

88 





1 hr. 

! 38 

' 88 





2 hr. 

1 33 

1 86 

34 

19.89 i 

2.37 

0.57 

15 min. 

j 54 

! 87 





30 min. 

1 50 

1 87 





1 hr 

52 

87 





2 hr. 

52 

1 87 

35 

30.12 

2.36 

0 66 

15 min. 1 

54 

! 84 





30 min. i 

52 

i 84 





1 hr. j 

54 

; 84 




! 

2 hr. 

50 

83 


‘^Nos. 33 and 34 were aged at 500° C. No. 35 was aged at 400° C. 




Diffusion of Zinc into Copper 

By Samuel L. Hoyt,* Schenectady, N. Y, 

(Philadelphia Meeting, October, 1928) 

This paper gives a brief description of an investigation made several 
years ago on the diffusion of zinc into copper. The material for that 
study was furnished in the form of thin copper strips coated with zinc. 
The result was required rather quickly and at not too great an expense, 
and especially information was desired as to the rate at which zinc would 
diffuse from the zinc coating into the copper and the temperature at 
which the operation should be carried out. 

A study of the requirements of this problem indicated that the solu- 
tion might be secured by means of six determinations. This is the 
smallest number that will give the information desired and, at the same 
time, furnish checks on the accuracy of the determinations which justify 
an abbreviated experimental program. This does not count a preliminary 
test which was designed to give some idea of the correct temperature 
to use. 

The minimum number of temperatures that can be used is two. 
Knowing the rates of diffusion of zinc into copper at two properly chosen 
temperatures, it is possible to calculate the rate for any other temperature, 
and also to check the accuracy of the determination by means of the heat 
of diffusion, which is calculated from the effect of temperature on the 
rate of diffusion. The minimum number of determinations at any one 
temperature is three. The amount of diffusion which occurs at a fixed 
temperature is definitely related to the time of diffusion, so that by 
determining the amount of diffusion for three different time intervals, 
this relationship may be established and possibly a check on the accuracy 
may be secured. This accounts for the six determinations or experi- 
ments, and suggests the- logical plan of the work. The check used here 
is not generally applicable to diffusion phenomena, but it seems to hold 
closely enough for the limited amount of diffusion in this investigation to 
justify its use. 

The samples used were 5 to 6 mils thick and about 1 in. square. 
They were placed between iron blocks and set in the hot zone of 
a ni chrome furnace which had been brought to the desired temperature. 
Time was taken from the moment the samples reached the furnace 

* Research Laboratory, General Electric Co. 
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temperature. After the samples had remained in the furnace for the 
correct time, they were removed and cooled quickly to room temperature. 
The amount of penetration of the zinc into the copper was found by 
examining microsections of the strips. For this measurement, the thick- 
ness of the unalloyed copper was subtracted from the initial thickness, 
and divided by two. The temperatures, times, and penetrations are 
given in Table 1. 


Table 1. — Diffusion of Zinc into Copper 


Time 

Temperature, 

Degrees Cent. 

Penetration, 

Mm 

1 hr. 

550 

0.75 X 10-2 

2 hr. 

550 

1.25 X 10-2 

4 hr. 

550 

3.4 X 10-2 

1 min. 

650 

0.9 X 10-2 

3 min. 

650 

1.0 X 10-2 

18 min. 

650 

2.3 X 10-2 


The solutions of the problem are given in Figs. 1 and 2. In Fig. 1 
the log of the penetration is plotted against the time the sample was at 



Fig. 1. — Penetration op zinc into copper strip. 


temperature, by means of semilog paper. It will be observed that the 
points fall on straight lines. One line gives the penetration at 550° C. 
and the other, the penetration at 650° C. The time required to convert 
the whole strip into brass, or for the zinc to diffuse to the center of the 
strip, is obtained by extrapolation. The time is 43^^ hr. at 550° C., or 
30 min. at 650° C. It is tacitly assumed that the rate of penetration 
does not change over the small distance remaining, or that the time 
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rate of change of the rate of penetration remains constant. The time 
required to produce smaller penetrations would be obtained by inter- 
polation, a process which is less open to criticism than the former. It 
did not seem important, at the time, to check the accuracy of the times 
obtained by extrapolation. 

In Fig. 2 the effect of temperature on the time required to produce a 
given penetration is plotted. Here the time estimated for zinc to diffuse 
to the center of the strip is plotted against the reciprocal of the absolute 



Fig. 2. — ^Time vs. tempebature fob diffusion of zinc to center of 0.004-in. 

COPPER STRIP. 

temperature, the former on the logarithmic scale. By drawing a straight 
line through the two points, the entire time-temperature relationship is 
obtained. In the same way we could plot the times corresponding to 
any smaller penetration. A check on the accuracy is obtained, in this 
case, by a calculation of the temperature coefficient of the rate of diffusion, 
or from the heat of diffusion, which can be calculated from the slope of 
the line. The temperature coefficient was found to be 1.25 for a 10° rise 
in temperature, while the heat of diffusion came 33,000 calories per gm.- 



DISCUSSION 


555 


mol. Both of these values are reasonable and indicate that the measured 
effect of temperature in this work is approximately correct. 

It is obvious that with the data of Figs. 1 and 2, the time and tempera- 
ture requirements for converting these copper strips into brass, either in 
whole, or in part, can be readily estimated. 

The curves of Fig. 1 are not of the conventional type, since the rate 
increases instead of decreasing with time. This circumstance suggests 
that we are deahng with an effect corresponding to an incubation period. 
The reason for this is not clear, either from the literature, or from the 
work itself. Even so, the small extrapolation used in solving the present 
problem seems to be justified on purely empirical grounds, while inter- 
polation to smaller amounts of diffusion would be even more justified. 
In the light of the findings of this investigation, it would seem that a 
more detailed study of the diffusion of zinc into copper, and a comparison 
with other simple types of diffusion, will yield interesting information on 
metallic behavior. 
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DISCUSSION 

F. Kellee, New Kensington, Pa. — Dr. Hoyt’s paper is of considerable interest 
to us as we have been doing some work along similar lines. Alclad 17ST, a product 
of the Aluminum Company of America, offers an excellent material for the study of 
diffusion in the solid state. This product consists of a core of a heat-treatable alumi- 
num alloy with a coating of very pure aluminum on each surface. This high-purity 
aluminum coating renders the duralumin-type alloys highly corrosion resistant. 
During the manufacture of the product it is necessary to heat-treat in order to develop 
the high strength of the core and this heat treatment results in the formation of a 
diffusion zone in the pure aluminum coating due to the migration of atoms of copper, 
magnesium, and silicon from the core into the coating. The diffusion zone is 
clearly revealed on polished cross-sections when suitably etched and may be readily 
measured microscopically. 

Much work has been done on the rate of diffusion in this alloy during various heat 
treatments, and we found that in the 14-gage Alclad sheet after a 15-min. heat treat- 
ment at 500° C. the diffusion zone was 0.001 m. thick. The thickness of coating on 
14-gage Alclad sheet is about 0.004 in. After 15-min. heat treatment the diffusion 
zone was equal to the coating thickness. However, to cause diffusion to go entirely 
through the 0.004-iQ. coatmg it was necessary to heat-treat for 4J^ hr, at this tem- 
perature. Curves have been plotted for the rate of diffusion for various heat-treating 
periods at 500° C. and show that the diffusion is rapid at the beginning, then slows 
up until the rate of diffusion is fairly small after a period of several hours. 

These results are somewhat different from Dr, Hoyt’s, inasmuch as he shows the 
rate of diffusion as very nearly constant. In his case the concentration ’of the element 
diffusing was considerably higher than in our material, as our alloy contained only 
5 per cent, of soluble elements. 
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It does seem unusual^ however, that the rate of diffusion should remain constant, 
while the distance from the source of the soluble material increased. 

It was our intention to continue this work and we hope to present it in the form 
of a paper in the near future. 

F. H. CLA.KK, New York, X. Y. — Has the condition of the surface of copper and 
zinc any effect on the rates of diffusion? Would a highlj” polished surface cause the 
rate of diffusion to be changed? 

D. J. Me Ad AM, Jr., Annapolis, Md.— Some of my questions have undoubtedly 
been considered by Dr. Hoyt, but I think it would be a good thing to have them in 
the record. 

How is the depth of penetration measured by means of a microscope? The author 
refers to the time necessary for the zinc to diffuse to the center of the specimen. Does 
that mean the time for the first atom of zinc to reach the center of the specimen? 
There is another factor that has to be considered, which was undoubtedly considered 
by Dr. Hoyt but was not brought out in the paper, and that is the concentration 
gradient of the zinc. That will change, of course, as the diffusion goes on. After 
the zinc has reached the center, this concentration gradient would decrease. 
Even before the zinc reaches the center, it seems to me that the gradient might 
var>^ considerably. 

As there are possibly several alloys involved, there might be several concentration 
gradients to be considered. In considering conduction of heat through a metal, we 
take into account the temperature gradient. It seems to me that in considering the 
diffusion of one metal into another we have to take into account the concentra- 
tion gradient. 

O. W. Ellis, East Pittsburgh, Pa. — Dr. Hoyt's paper has caused me to think of 
other ways and means of determining the diffusion of zinc into copper. At the 
University of Toronto the diffusion phenomenon formed the regular laboratory 
experiment; every student had to work on the diffusion of zinc into copper. We 
worked in a different way from Dr. Hoyt, though; we took a copper rod, drilled a hole 
in it, introduced the zinc into the rod in the molten state and then heated at a series 
of constant temperatures, not for the quantitative effect, but just for the quali- 
tative effect, to show the difference in rates of diffusion. We made no attempt to 
measure rates. 

It seems to me that there is a method whereby some of the difficulties due to 
variations in concentration can be overcome, and that is by measurmg the distance 
from a datum point in the unchanged copper to (1) the point at which the first signs 
of beta constituent appear and (2) to the point at which the alpha disappears. The 
width of the band of alpha-beta varies during the time the material is held at any 
given temperature. This variation in width and a knowledge of the distance from 
the datum point of the points at which the beta starts and the alpha ends will give a 
very fair basis for a determination of the rate of diffusion of zinc into copper. 

With regard to Dr. Qark’s question concerning the condition of the surface of the 
metal, I would like to make mention of one little experiment that I have carried out. 

I wanted to see what type of coating of aluminum I would get on copper by immersing 
a rod of the metal in molten aluminum. One K-in- rod I took without attempting 
to clean it; it remained in the aluminum for hr. with apparently no change at all. 

I took another l^-in. rod, gave it a dip in nitric acid and a thorough wash. I put 
it in the aluminum and after five minutes went to look at it, but the rod 
had disappeared. 

Z. Jeffries, Cleveland, Ohio. — This subject of diffusion is important and funda- 
mental in metallurgy and the quantitative elements of it are yet to be worked out 
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for many systems. The quantitative data given by Dr. Hoyt may be the best so far 
offered bn the zinc-copper system. The quantitative data, however, on the diffusion 
of thorium in tungsten are probably the most complete of any system of metals. 

Some years ago Miss Elam reported experiments dealing with the diffusion of 
nickel into single-crystal copper. She deposited nickel electrolytically on the surface 
of a single crystal of copper and was unable to obtain diffusion of the nickel into 
copper or copper into the coating of nickel by any thermal treatment. The idea 
became somewhat prevalent that diffusion of one metal in another could not take 
place in single-crystal form. We have demonstrated, without any possibility of 
doubt, that this is not true of thorium in tungsten. It is true, however, that fine- 
grained tungsten will permit the diffusion of thorium within certain selected tempera- 
ture ranges at least 50 times as fast as in single-crystal tungsten. Nevertheless, 
diffusion of thorium in a single crystal of tungsten is definite and positive. This is a 
case, however, of the thorium being already in solution in the tungsten, at least in 
part, and, therefore, no possibility of surface film obstructions such as were mentioned 
by Professor Ellis. It has always seemed to me that Miss Elam’s experiment might 
be explained by a surface film between the nickel and the copper. 

It would be interesting if Dr. Hoyt would give us some information on the possi- 
bility of the diffusion of zinc or any other metal into single-crystal copper or the diffu- 
sion of any other substance into any other single crystal. 

In Dr. Hoyt’s own experiments, he does not mention, I believe, whether the copper 
strips were annealed prior to the plating with zinc. Of course, this would make a 
great difference. At the temperatures used, cold-worked copper would recrystallize 
and the grains would grow at different rates and to different extents at the different 
temperatures used, and the differences in grain size might account for some of the 
variations in diffusion. At any rate, knowing what we do about the effect of grain 
size on the rate of diffusion, that factor should always be taken into consideration. 

S. L. Hoyt. — I was interested in Mr. Keller’s remarks about the work they are 
doing on the aluminum-coated product, but I do not believe there is any specific 
reply called for. 

Miss Clark has received a better reply from Professor Ellis than I would be able 
to give at this time. I took the strips as they were given to me; the surface was 
reasonably clean and with a fairly good polish produced by a small amount of cold 
rolling. The surface was certainly not dirty or contaminated. 

In reply to Dr. McAdam, the method which I employed for measuring the depth 
of penetration is given very briefly in the paper. It was a simple matter to determine 
the amount of copper which had not as yet been penetrated by the zinc, with one reser- 
vation, for there was a sharp line of demarcation between the core and the outer 
layer. I do not believe that that sharp line corresponds to zero per cent, of zinc. 
It undoubtedly corresponds to some reasonably low percentage of zinc, but it is the 
point which I used for the determination of the thickness of the outer zone. 

The concentration gradient of the zinc was not determined or measured. Of 
course, that is of very great importance and a complete quantitative study of diffusion 
would require an estimate or a determination to be made of the concentration gradi- 
ent. The shape of such concentration curves and the way they vary with time are 
well known from the literature, but the mathematical difficulties involved in dealing 
satisfactorily with the change of the concentration gradients with time are altogether 
too great for any such simple study as this. If you look that up, you will find that 
it requires a mathematical analysis of rather high order to handle it. 

Dr. Jeffries refers to the quantitative data on diffusion and the fact that we really 
know so much about the diffusion of thorium through tungsten. It would be helpful 
to have equally complete data about other systems. Certainly this paper does not 
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give anything like that amount of information on the diffusion of zinc into copper. 
What Dr. Jeffries says on the effect of grain size on diffusion is much to the point. 
Mrs. Andrews (to whom reference is made in my acknowledgment) and I did a little 
work on the diffusion of nickel into copper. We nickelplated a copper single crystal 
and then attempted to get the nickel to diffuse into the copper. We were greatly 
surprised to ffnd that we were not able to make the thing work. Personally, I do not 
think it was due simply to an impenetrable film on the surface of the copper, although 
I do not mean that we have excluded that possibility. After a small amount of 
swaging at an elevated temperature, diffusion took place very readily. The zinc 
coatings on these copper strips were produced by electrolytic deposition. 

As to the condition of the strip, unfortunately I cannot give Dr. Jeffries a satis- 
factory reply to his question. The material on which I did this work was simply 
handed to me and the work done was not for the purpose of the presentation of a 
paper but to give a certain specific answer. Therefore, I had no control over the 
samples used. 

W, M. Peirce, Palmerton, Pa. (written discussion). — There are several points 
regarding this paper on the diffusion of zinc into copper which might well be given 
some consideration. 

First, the copper-zinc system embraces several constituents or phases. Where 
this conation exists the diffusion of the two metals into each other actually resolves 
itself into the diffusion of one element through each of the possible phases. The 
relative rates of diffusion through the several phases may be such that certain phases 
cannot exist at certain temperatures. It follows that no simple, continuous relation 
necessarily exists between temperature and the apparent rate of diffusion which is the 
resultant of the rates of diffusion through the individual phases. An excellent example 
of this is the case of iron and zinc which form two distinct intermediate phases. 
When diffusion of one metal into the other occurs, sometimes one and sometimes both 
intermediate phases are formed, depending partly on temperature and partly on the 
purity of the iron. 

From this it seems possible that any extrapolation of Fig. 2 may be unjustified 
and even that the assumption of a straight-line curve between the two determined 
points may be incorrect. 

Second, if the data in Table 1 be plotted on ordinary coordinates and the fourth 
point, zero tune-zero penetration be plotted, it does not appear that the rate of diffu- 
sion increases with time as stated. In fact, it is evident, from a casual inspection of 
Table 1, that the rate of penetration during the first hour is never equalled in the 
subsequent course of the experiments. 

Finally, it may be of interest to note that careful microscopic examination m the 
wnter^s laboratory, of a copper-zinc boundary on which diffusion had occurred, showed 
that copper penetrates the zinc along the grain boundaries well in advance of the 
conversion of the grains themselves to a constituent rich enough in copper to be distin- 
guishable by its color. This is further evidence that the phenomenon dealt with is 
not simple. 

While the experiments described in this paper doubtless served a useful purpose, 
it is open to question whether the extrapolations and generalizations based on these 
six determinations can be safely used in a general way. 

S. L. Hoyt (written discussion). — Mr, Peirce^s first point is well taken for a general 
discussion of the reciprocal diffusion of copper and zinc into each other, but the paper 
dealt with the conversion of a copper strip into brass by the absorption of zinc. 
The relatively small amount of zinc present (about 20 per cent.) made this problem 
almost wholly that of the diffusion of zinc into and through, alpha brass. 
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It did not seem necessary to make a separate study of the amount of diffusion 
that occurred during the heating-up period- This amount is contained in that 
reported for the first period and is responsible for the relatively large amount of 
diffusion during that period. 

Mr. Peirce’s final point again deals with the diffusion of copper into zinc and relates 
to a phenomenon which is well known in this field, grain boundary diffusion. None 
of this was observed in the study reported in the paper. 

Mr. Peirce seems to have read more into the paper than was intended to be there. 
The paper describes a simple test of a simple effect, and no attempt was made to 
draw general conclusions from the results. 



Some Practical Aspects of Creep in Zinc* 

By W. M. Peirce t and E. A. Anderson, f Palmerton, Pa. 

(New York Meeting, February, 1Q29) 

COKEUGATED sheet zinc has been used abroad for a great many years 
as a roofing material. In this country it has been in use for about 10 
years. From the outset it was recognized that zinc sheets required 
closer spacing of the supporting purlins than steel sheets. Exact data 
regarding safe maximum fiber stresses were not available, however, and 
on occasions the span used was excessive and the sheets sagged. 

This paper describes both service and laboratory tests to determine 
safe mayiDrinm fiber-stress values for various grades of zinc for use in 
calculating the proper purlin spacings for any gage and profile under 
given loading conditions. These tests consist of laboratory loading 
tests on full-size roof sections over extended periods of time; of actual 
roof installations erected in conformity with the indications of the 
laboratory tests and observed over a period of years; of careful deter- 
minations of the apparent elastic limit of several grades of zinc, and finally 
of static tests^ (so-called creep tests) to determine the rate of flow of 
zinc under a variety of static tensile stresses at definite temperatures. 
Certain of the individual tests extended over a period of more than 
two years. 

Experimental Loading Tests on Full-size Roof Sections 

Deflection in a corrugated rooflng sheet under load may be considered 
to take place in two stages; an initial bending of the sheet under the 
load and a slow, permanent flow or creep under continued application of 
the load. Stresses great enough to produce permanent set when pro- 
longed may produce apparent elastic deformation when applied for only a 
brief interval. 

It is impossible to set a time limit on the duration of stress in actual 
roof installations. Roofs in industrial locations where dust accumula- 
tions are heavy, as in cement plants, are often loaded continuously with 

* Contribution from the Research Division, New Jersey Zinc Co., Palmerton, Pa. 

t Chief, Metal Research Division, New Jersey Zinc Co. 

t Chief Investigator, Metal Section, Research Division, New Jersey Zinc Co. 

^ Static tensile tests, as the name implies, consist of the periodic determination of 
elongation in specimens subjected to a constant uniform tensile stress (dead-weight 
loading). 
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heavy deposits of precipitated dust. In northern latitudes, snow loads 
may persist, under favorable conditions, for weeks. 

It is evident, therefore, that safe permissible spans and loads can be 
determined only from tests of long duration, in which accurate measure- 
ments are made of the rate of flow, or creep, without particular regard to 
the initial deflection. 

Loading tests on roof sections, which were extended over a period of 
months, furnished the following facts as the basis for a practical test. A 
continuous load that after 20 days has not produced a total deflection 
under load of more than 0.75 per cent, of the span will not produce a 
serious further amount of creep. Actually most of the measurable 
deflection in excess of the initial occurs in 10 days and the additional 10- 
day loading period is a factor of safety in the test. 

The writers have observed that any set of test conditions which does 
not produce an excessive rate of creep will not produce an objectionable 
total deflection. 

The loading tests discussed in this paper conform to these con- 
siderations. The permissible load and span relationships are those 
found to produce a deflection of not over 0.75 per cent, of the span in 20 
days of continuous loading at a temperature not exceeding 70° F. 

Test Methods 

In order to keep the test conditions comparable with those existing 
in actual roofs, the sheets were supported on channels which had the 
usual flange wddth for purlins. In all tests, each sheet had an under- 
lapping sheet along each edge to simulate the possible reinforcing effect 
of side laps. Each test sheet was end-lapped in the normal way, but 
riveting was considered to be unnecessary, as it does not add materially 
to the strength except in the case of excessive deflections. 

Loading was effected by means of cement bags partly filled with 
heavy FrankUnite sand. The partly filled bags permit easy application 
and even distribution of the load. Unbagged sand has a tendency to 
bridge and is awkward to handle. 

Deflections were measured on the longitudinal axis of the sheets 
at the span centers. An excellent datum for the measurements was 
provided by a bronze wire stretched by weights to constant tension and 
bearing against the lower edge of the purlins. An accurate measuring 
device was used, in which proper contact of the measuring points mth 
the wire and sheet are indicated by completion of an electric circuit. 

All tests were continued for at least 20 days, and the deflection was 
measured at 24-hr. intervals. The fact that snow loads can occur only 
at 32° F. or lower was taken into consideration. Temperature control 
in the test area was impossible, however, and variations between 32° 



562 


PRACTICAL ASPECTS OP CREEP IN ZINC 


and 70° F. had to be tolerated. Any error introduced by this variation 
acts as a factor of safety in applying the results for snow loading, since 
any increase in temi>erature increases the rate of creep. 


Minimum Gage and Profile 

Before considering the results of the roof-section loading tests, it 
should be pointed out that in addition to the effect of light loads of long 
duration, we must consider heavy loads of short duration, such as may 
be produced by workmen walking over the roof. The latter consideration 
rules out certain gages of 2 inc, which otherwise might be satisfactory 
on short purlin spacings. (Note actual minimum in Fig. 1.) 
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Fig. 1. — Safe loaj> versus span for corrugated zinc sheets 


Permissible Loads and Spans 

In Pig. 1 are plotted the permissible load and span relationships 
developed in this work. The data relate to % and 1-in. profiles in 
gages from 12 to 16 inclusive. 

Engineering handbooks place the maximum snow and wind load in 
northeastern United States at 40 lb. per sq. ft. of covering surface uni- 
formly distributed. This value has been adopted by the present writers 
as a minimum load for safe calculations for all localities, as the tendency 
of a sheet to sag under its own weight and dust loads in hot climates or in 
hot industrial buildings (as over furnaces) approximates the tendency to 
sag under a 40-Ib. load at freezing temperatures. The safe spans for 
various profiles and gages under a 40-lb. load are compiled in Table 1. 

Since these data were developed, a number of roofs have been con- 
structed, based on these permissible spans. These roofs have been 
inspected at intervals over a period of years and in no case has sagging 
been observed. 



W. M, PEIRCE AND E. A. ANDERSON 


563 


Table 1. — Permissible Spans for Various Gages and Profiles of 
Corrugated Zinc Sheets under a 40-i6. Load® 


Zinc Gage 

Thickness, Inches 

Depth of Corrugation, 

1 Inches 

Pernaissible Span, Inches 

12 

0 028 

1 1 
; % 

This gage is not used 



t 

for roofing 

12 

0.028 

1 

! 34.5 

13 

0.032 

% 

i 36.0 

13 

0.032 

1 

37.0 

14 

0.036 

H 

38.0 

14 

0.036 

1 

39.5 

15 

0.040 

Vs 

39.0 

15 

0.040 

1 i 

41.0 

16 

0.045 

0O\ 

40.0 

i 

0.045 

1 

42.5 


End spans (where the reinforcing effect of end laps is absent) should be 80 per 
cent, of these values. 


Calculation of Maximum Fiber Stress under Safe Loads 

In order to secure approximate values for the maximum fiber stresses 
developed in sheets sustaining the safe loads arrived at in the preceding 
tests, the section modulus of these sheets was approximated as closely as 
possible and the fiber stress calculated by the formula 



where f is the maximum fiber stress, J is the section modulus'and M is 
the maximum bending moment. 

The calculated fiber stresses were found to vary roughly between 
4000 and 6000 lb. per sq. in., as shown in Table 2. The average maximum 

Table 2. — Fiber Stresses in Corrugated Zinc Sheets of by %~in. 


Profile under Safe Loading Conditions 


Thickness, Inches 

Load (L), Lb. 
per Sq. Ft. 

1 

Span (5), 
Inches 

J, Lb. per 
Sq. In. 

i 

Fiber Stress 
(/), Lb. per 
Sq. In, 

X 10-* 

0.028 

47 

33 

0.0072 

6170 

117 

0.028 

26 

39 

0.0072 

4770 

116 

0.028 

12.5 

45 

0.0072 



0.036 

60 

33 

0.00935 

6060 

115 

0.036 

36 

39 

0.00935 

5030 

122 

0.036 

19 

45 

0.00935 

3560 

108 

0.045 

75 

33 

0.0118 

6000 

114 

0.045 

43 

39 

0.0118 

4800 

117 

0.045 

26 

45 

0.0118 

3800 

115 

Average 





115 
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fiber stress under conditions of safe spans for 40-Ib. loads was found to 
be 4700 Ib. per square inch. 

Table 2 shows that the safe maxiinuni fiber stress is not a constant 
but varies with the span. From column 6, it appears that is a con- 
stant as expressed in the equation 

, 115 X 10-^ 

/ = fiber stress; 

S = span in inches. 



Fia. 2 . — Load-span diagram for corrugated zinc sheets 

Ta2 

Based on formula + 176S = 12,100 


The development of this relation makes it possible to predict safe 
loads for new profiles, gages and spans by the formula 
r 02 

+ 1765 = 12,100 

J , of course, must be determined for each new profile. This has been 
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successfully done in a number of cases. Fig. 2 furnishes a graphical 
means for applying this formula. 

Direct Determination of Safe Maximum Fiber Stress for Zinc 

Contemporaneously with the loading tests on roof sections, determina- 
tions of the safe maximum continuous stress for zinc were carried out by 
two other methods. The first method was a very careful determination 
of the apparent elastic limit, and the second, the measurement of flow 
(or creep) of tensile specimens under static load. 

Apparent Elastic Limit of Zinc 

The determination of the elastic limits of soft metals is attended by 
serious experimental difiiculties. In the case of zinc, the influence of 
rate and duration of loading is so pronounced that what appears to be 
an elastic reaction at one speed may well be a plastic change at a lower 
speed. It seemed wiser, therefore, not to attempt the determination of 
a true proportional limit. 

J. B. Johnson’s^ method of obtaining an apparent elastic limit is of 
value in studying soft metals. This method requires that the apparent 
elastic limit shall be taken as that stress at which the rate of deformation 
is '60 per cent, greater than the initial rate. A stress-strain diagram is 
necessary for this determination. The apparent elastic limit determined 
by this method is of distinct value in work of this kind because it identifies 
a boundary between regions of very slow flow and regions of rapid flow. 

The present determinations were made under the direction of Prof. 
H. F. Moore in his laboratories at the University of Illinois. Three 
grades of zinc were tested, as follows: 


Marked 

A. S. T. M Grade 

Rolled 

Nominal Compositions 

Pb, Per Cent. 

Cd, Per Cent. 

A 

High Grade 

Soft 

1 

0.05 

0.002 

B 1 

Brass Special 

Soft 

0.3 

0.3 

C 

Prime Western 

Soft 

0.8 

0.15 


Specimens were cut with the longitudinal axis in the direction of roll- 
ing (marked W) and across this direction (marked A). 

The tests were made in a sensitive apparatus using an autographic 
means of recording the stress-strain curve. Readings were obtained at 
successive increments of 0.0005 in. of elongation on a 2-in. gage length. 
Three different head speeds were used, but because of variations in the 
mobility of the various zincs at different periods of test, it was necessary 

» A. S. T. M. Tentative Standards (1927) 1075, Method 2. 
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to determine the rate of flow at rupture and at a point below the Johnson 
limit. The data obtained in these tests are compiled in Table 3. 


Table 3. — Johnson^ s Elastic Limit in Three Grades of Zinc°’ 


Speeiinen 
Mark Ad 

I Rate of Stretch, In. per In. 

1 per Mm 

1 

I Unit Stress, Lb. per 

1 Sq. In. 

J 

! 

Elonga- 
.1 tion, 

Temperature, 
Deg. C. 

Below Johnson 
Limit 

1 At Rup- 
ture 

1 

! At Johnson 
Limit 

' At Rup- 
j ture 

Per Cent 

1 in 2 In. 

A-W 

1 

! 0.00027 

0.030 

i 4,300 

18,800 

66 

12.5-19 5 

A-W 

0.00118 

0.650 

1 4,000 

20,800 

49 

25.0 

A-W 

0.0030 

0 082 

! 5,300 

18,300 

64 

25 0 

A-A 

0 00023 

! 0.033 

i 5,400 

22,000 

40 

20.0 

A-A 

0.0010 

0 750 

1 6,300 

26,200 

36 

24.5 

A-A i 

0.0027 

, 0.092 

8,000 

24,000 

34 

25 0 

B-W 

0.00020 

1 0.035 

6,200 

20,200 

38 

12.0 

B-W ! 

0.00112 

' 0.60 

5,200 

22,200 

35 

23.5 

B-W 

0.00265 

0.098 

6,500 

20,300 

35 

22.5 

B-A 

0.000182 

0.039 

10,200 

29,200 

26 

13 0 

B-A 

0.000823 

1 0.70 

10,200 

30,900 

22 

23.0 

B-A 

0.00228 

0.12 

10,000 

29,200 

24 

1 

22.5 

C-W 

0.000243 

0.034 

5,200 

18,200 

49 

23.5 

C-W 

0.00107 

0.65, 

5,800 

21,200 

43 

23.0 

G-W 

0.0026 

0 097 

6,000 

19,500 

33 

23.0 

C-A 

0.000207 

0.039 

10,300 

28,200 

20 

24.0 

aA 

0.00095 

0.75 

10,500 

29,500 

14 

23.0 

C3-A 

0.00253 

0.113 

10,500 

28,300 

19 

23 0 


* All tests average of three specimens. 


The material used in the sheet loading tests previously described 
approximated in composition and rolling treatment the metal marked 
in Table 3. Inasmuch as the corrugations in a sheet run in the 
direction of rolling, it is necessary to base comparisons between safe 
fiber stress and the apparent elastic limit on the data for 

The safe fiber stress under permissible conditions of load and span 
was found in the preceding section of this paper to be 4700 lb. per sq. 
in. The apparent elastic limit of “C-W” at the lowest rate of loading 
was found to be 5200 lb. i>er sq, in. It is clearly evident that the Johnson 
method at once provides a reasonably accurate means of estimating 
permissible fiber stresses and an excellent confirmation of the load-span 
relationships shown in Fig. 1. 

A number of other interesting points are brought out in Table 3. 
While these points are foreign to the purpose of this paper, they con- 
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stitute valuable information on zinc. A brief summary of the more 
outstanding considerations is given below: 

1, The apparent elastic limit is displaced upward by increasing the 
rate of stretch. This is equivalent to a decrease in mobility with increase 
in rate of loading at this point. 

2, The ultimate breaking stress is increased by higher rates of loading. 

3, The elongation at rupture is highest at the low rates of stretch 
and lowest at the higher rates. 



Fig. 3. — Time to 10 per cent, elongation-load ctravE for soft-rolled brass — 
SPECIAL ZINC LOADED AT ROOM TEMPERATURE (20 TO 30® C.). 

4. The apparent elastic limit and the ultimate breaking load are 
higher in the across-grain direction than in the direction of rolling. The 
elongation, however, is lower. 

It is evident that the effect of rate of loading on the mobility of 
zinc is not constant throughout the entire stress-strain curve. 

Static Tensile Tests 

If tensile specimens of zinc are submitted to a series of static loads 
and the time necessary to produce 20 per cent, elongation is accurately 
measured and the respective times are plotted against load, a curve of 
the type shown in Fig. 3 results. 

The interesting feature of this curve is the sharp break at about 
5000 lb. per sq. in. Below this load the rate of flow or creep becomes 
very small and decreases very rapidly with decreasing load. It should 
be noted that this test was carried out at room temperature, which 
varied between 20° and 30° C. 

It is well known that the ordinary mechanical properties of zinc vary 
rapidly with small changes in temperature in the range between 0° C. 
and 40° C. For this reason an extensive series of static tensile tests 
was carried out at 20° C., 40° C. and 60° C. to determine the effect of 
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temperature variation on rate of flow. Tests at 0® C. which, of course, 
require the longest time to complete are not yet available. 
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Fia. 4.— Log slope-load curves for hot-rolled high-grade zinc (metal B). 
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FlO. 5. -Loo SLOPE-IiOAO CUBVES FOE HAED-BOLLBD HIOH-GBADE ZINC (whit at. JT), 

For these tests an indo^d rack was constructed in which tiina speci- 
mens could be maintained at any temperature between 0° and 85° C. 
to an accuracy of 1° C. Measurements of elongation were made by 
means of an accurate optical cathetometer. The metals tested were: 
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Marked 

Nominal Composition i 

RoUed 

A. S. T. M. Grade 

Pb, Per Cent. 

Cd, Per Cent. 

E i 

0.05 

0.002 

Soft 

High Grade 

F 

0.05 

0.002 

Hard 

High Grade 

G 

0.3 

0.3 

Soft 

Brass Special 

H 

0.3 

0.3 

Medium Hard 

Brass Special 

I 

0.3 

0.3 

Hard 

Brass Special 


The method of plotting used in Fig. 3 has obvious disadvantages. 
One of these is the fact that the rate of flow during the course of a static 



piQ, 0, — Xjqq slope-load curves for soft-rolled brass-special zinc (metal G). 

test varies, being somewhat erratic and rapid at the outset and assuming 
a fairly constant slope thereafter, imtil the elongation is sufiSicient to 
cause necking down. The characteristic feature of any curve is the 
period of reasonably uniform slope, hence this is the best numerical 
index of the flow of any specimen. The wide range of values necessitates 
logarithmic plotting and these results wdll be found plotted as log rate 
of flow versus load in pounds per inch in Figs. 4 to 8 inclusive. The 
data are compiled in Table 4 for purposes of reference. 

It has been pointed out that snow loads, which are the most severe 
loads encountered for any great duration of time, can occur only at or 
below freezing. Fig. 9, which shows a reasonable extrapolation of the 
temperature or rate of flow curves to 0° C., indicates that a sheet which 
has a sufficiently low rate of flow under a load of 6000 lb- per sq. in. at 
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20® C, to warrant its use under such a stress in roofing sheets would have 
an indicated safe stress of 8000 lb. per sq. in. at 0® C. Hence, safe loads 


Table 4. — Slope and Log Slope of Static Tensile Curves 
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40® C. A dust load of 10 Ib. per sq. ft. would give a rise to a maximum 
stress of 1700 lb. per sq. in. under the safe loading conditions established 
and at 40® C. this would still allow a factor of safety of about 2. 

Summary 

Three methods of arriving at a safe maximum working stress have 
been described in some detail. A fourth, practical experience, which is 
in most cases the final test of the validity of any engineering deductions, 
has been mentioned as confirming the results arrived at. 



Fig. 9. Tempbraturb-log slope curves fob soft-rolled brass-special zinc 

(metal G). 

The writers believe that this rather practical correlation between 
laboratory stress data of three types and stresses in satisfactory structures, 
all leading to a concordant conclusion, is of general interest. Briefly 
summarized, the tests indicate that: 

1. In commercial corrugated zinc-sheet roofs, which have proved 
satisfactoiy, the maxi mum fiber stress under the most severe assumed 
service conditions is less than 6000 lb. per square inch. 

2. Commercial zinc has a Johnson’s proportional limit of approxi- 
mately 5000 lb. per square inch. 

3. In static tensile tests (creep tests), a sharp reduction to a very low 
value occurs in the rate of creep at approximately 5000 lb. per square inch. 

Acknowledgment 

The writers express their appreciation of the assistance rendered by 
E. H. Kelton, G. W. Gothennan and G. L. Werley in conducting these 
experiments, and by Dr. C. H. Mathewson in revising and correcting 
the manuscript. 




Effect of Arsenic on Dispersion-hardenable 
Lead-antimony Alloys 

By K. S. Seljesatee,* CnicAao, III. 

(New York Meeting, February, 1929) 

Since the development of dispersion-hardenable lead-antimony 
alloys^ in the laboratories of the Western Electric Co., Inc., studies have 
been made of the effect of various third constituents on these alloys.® 
This paper covers a study of the effect of small amounts of arsenic. This 
element is important since it occurs as an impurity in many commercial 
antimonial leads and the results obtained are particularly interesting as 
indicating a class of addition agents which exert a stabilizing effect on 
dispersion-hardened alloys. 

Expeeimental 

In order to study the effect of increasing amounts of arsenic, a series 
of alloys were made up containing 1 per cent, antimony, and arsenic 
varying from 0. to 0.10 per cent., the balance Doe Eun lead (99.997 per 



Days of Aging 

Fig. 1. — Change of micbo-Beinbll habdness weth timb op 1 pbb cent, lbad- 

ANTIMONT ALLOT. 

cent. lead). The alloys were cast into bars in. wide by M in- thick 
and cold-rolled to about }4 in. thickness. Three samples of each com- 
position were annealed 1 hr. at 225'* C. and quenched in water. One set 
was aged at room temperature, one at 50° C., and the third at 100° C., the 

* Metallurgical Division, Western Electric Co., Inc. 

iR. S. Dean, W. E. Hudson and M. F. Fogler: Tke System Lead-antimony. 
Ind. & Eng. Chem. (1926) 17, 246. 

* R. A. Moigen, L. G. Swenson, F. C. Nix and E. H. Roberts: Ternary Systems 
of Lead-antimony and a Third Constituent. Proc. Inst. Metals Div., A. I. M. E. 
(1928) 316. 
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aging process being followed by hardness measurements. The results 
of these tests are shown in Table 1 and Figs. 1, 2 and 3. 



Fiu. 2 , — Change of MiCRO-BsiNEiiL hardness with time of 1 per cent, lead-anti- 
MONT allot containing 0.01 PER CENT. ARSENIC. 


Table 1. — Change of Micro-Brinell Hardness (S-lcg, Load; Ball) 

with Time of 1 Per Cent Lead-antimony Alloys to Which Arsenic Has Been 

Added 


Time ( Days ) 

A^O 

Per C^nt. 

As, 0.01 

Per Cent. 

As, 0.03 

Per Cent. 

As, 0 05 

Per Cent. 

As, 0.10 

Per Cent. 

Aging at Room Temperature 

H 

5.60 

6.05 

6.50 

6.30 

6.80 

1 

6.85 

8.00 

8.25 

8.75 

8 75 

3 

7.50 

8.15 

9.45 

8.90 

8.80 

S 

6,90 

8.55 

9.90 

9.55 

8.90 

17 

; 7.85 

i 10.05 

11.75 

11.75 

11.70 

28 

7.25 

12.20 

11.65 

11.25 

10.95 


Aging at 50® C. 


M i 

5.70 

6.25 

6.60 

6.45 

7.0 

1 

7.80 

8.65 

9.70 

10.0 

9.70 

3 

8.50 

9.90 

10.45 

12.05 

11.70 

8 

8.70 

9.75 

10.45 

11.90 

10.55 

17 

11.85 

11.60 

12.85 

12.50 

11.70 

28 

9.65 

10.10 

10.15 

10.95 

10.25 


Aging at 100® C, 



6.70 

7.60 

8.35 

8.65 

8.40 

H 

7.30 

8.40 

9.35 

9.50 

8.75 

H 

9.70 

9.55 

9.80 

11.45 

11.25 

8 

7.55 

7.65 

8.20 

8.15 

8.45 

17 1 

7.60 

7.90 

7.85 

8.15 

7.90 

28 I 

7.25 

7.75 

7.75 

8.15 

7.90 
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At 100° C. aging the effect of arsenic is practically negligible. At 
50° C., the aging process is accelerated by the presence of arsenic; how- 
ever, at the end of 28 days no appreciable difference exists between the 
samples containing arsenic and the straight 1 per cent, antimony alloy. 
Under room-temperature conditions the addition of arsenic is apparently 



Fig. 3. — Change of micro-Bbinbll hardness with time op 1 per cent, lead- 
antimony ALLOY containing 0.10 PER CENT. ARSENIC. 

an advantage. The increase in hardness appears to be independent of 
the amount of arsenic over 0.01 per cent. Without any arsenic the 
hardness of the 1 per cent, antimony alloy is 7.25 after 28 days of aging; 
whereas with 0.01 per cent, arsenic the hardness is 12.2 on the micro- 
Brinell scale. 



Fig. 4. — Change of micro-Brinbll hardness with time op 2 per cent, lead- 
antimony ALLOYS, containing ARSENIC 0 AND 0.5 PER CENT., RESPECTIVELY; BOOM 
TEMPERATURE. 

Similar experiments were conducted for a series of alloys containing 
2 per cent, antimony and arsenic varying from 0 to 1.0 per cent. Three 
samples of each composition were quenched from 240° C., one set was 
aged at room temperature, one at 50° C., while the third was exposed to 
100° C. for a given period of time. The results are given in Table 2 and 
Figs. 4 to 6. 
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Table 2. — Change of Micro-BrineU Hardness with Time of 2 Per Cent, 
Lead-antimony Alloys to Which Arsenic Has Been Added 


Time 

1 As, 0 0 

As, 0 01 

As. 0.05 

^ As, 0.07 

As, 0.10 

As, 0.20 

As, 1.0 

' Per Cent. 

1 

Per Cent. 

1 Per Cent, j 

Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 


Room-temperature Aging 


lHto2Mhr.* 

7,4 

17.4 

17.4 

14.6 

13.0 

12.1 

11.4 

2 days 

14.9 

26.7 

26.4 

23.4 

25.1 

25.1 

27.0 

4 days 

15.1 

24.8 

24.5 

24.3 

24.2 

24.5 

25.5 

6 days 

15.5 

24.6 

24.6 

24.5 

24.2 

23.6 

23.8 

17 days 

16.6 1 

23.5 

23.1 

23 1 

23.3 

23.3 

23.1 

SOdayst 

1 16.7 j 

23 6 

23.6 

1 23 6 

23.3 

! 23.3 

23.3 


Aging at 50° C. 


2 days 

16.3 

1 23.6 


22.6 


19.9 

20.3 

3 days 

15.2 


20.3 

20.6 

20.8 

18.9 

19.4 

7 days 

14.5 

19.7 

19.1 

18.9 

19 1 

18.1 

18.0 

17 days 

13.9 

19.2 

18.7 

18.3 

18.5 

18.2 

18.0 

30 days 

1 

12.9 

17.7 

17.6 

17.5 

17.1 

16 6 

17.6 


13 days 

9.0 





9.1 

9.3 


* Uneven values in this series due to uneven time of aging, 
t A somewhat higher maximum value of hardness of 2 per cent, antimony alloy 
was found earlier, namely 17.5. 


The r^ults indicate that addition of arsenic gives a considerable 
increase in hardness in a dispersion-hardened 2 per cent, lead-antimony 
alloy when it is aged at room temperature. The decrease of hardness 
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Fig. 5. — Change of mtcbo-Bhinell habdnbss with time op 2 per cent, lead- 

antimony ALLOYS CONTAINING ARSENIC, 0 AND 0.5 PER CENT., RESPECTIVELY,’ 
TEMPBRATURB, 50° G. 


with time is also less at temperatures up to 50° C. The hardness of the 
alloys after heating to 100° C. is not benefited by the presence of arsenic. 

Hardness measurements were also made on 2,5 and 4.0 per cent, 
ahtimony alloys containing 0.12 per cent, arsenic as compared with the 
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same compositions without arsenic. The samples were quenched from 
240° C. and aged for 1 week at room temperature. The results are 
given in Table 3. 
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Fig. 6. — Change op micbo-Brinbll hardness with time op 2 per cent, lead- 
antimony ALLOYS, CONTAINING ARSENIC, 0 AND 0.10 PER CENT., RESPECTIVELY; 
temperature, 100° C. 


Table 3. — Micro-Brinell Hardness of 2.5 and 4 Per Cent. Antimony Alloys 
Containing 0 and 0.12 Per Gent Arsenic, Respectively 


COMPOBITION 

2 . 5 per cent. Sb 

2 . 6 per cent. Sb +0.12 per cent. As 
4.0 per cent. Sb 

4.0 per cent. Sb +0.12 per cent. As 


Micbo-Brinssli. Hardness 
21.3 
27.6* 

21.5 
29 Ot 


* Hardness as cast, 11.0. 
t Hardness as cast, 12 . 9. 


Further experiments were conducted in order to ascertain to what the 
effect of arsenic is due. The lead-rich end of the antimony-lead diagram 



Fig. 7. — High lead end op antimony-lead diagram. (Dean. Reproduced prom 
A. S. S. T. Handbook, 1929.J 


is represented in Fig. 7. Two and one-half per cent, of antimony is 
soluble in lead at 248° C. The solubility at lower temperatures is indi- 
cated by the line MN. 
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The arsenic-antimony system^ (Fig. 8) shows a complete miscibility 
of both solid and liquid. The S 3 ’’stem arsenic-lead^ (Fig. 9) has a eutectic 
at 2.3 per cent, arsenic melting at 288° C., but no solid solubility is 
reported. The next step was, therefore, to determine whether there 



Fig. 8. — Ahsenic-antimont system. (Paebavano and de Cbsabis.) 

might be any solid solubility of arsenic in lead which would be available 
for increased dispersion hardening of the alloy. 

A series of lead-arsenic alloys were made containing up to 2.0 per 
cent, arsenic. The alloys were cast into cylindrical slugs (134 ba. high 
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Fig. 9. — ^Arseniolead system. (Heike.) 


sse^ 


100 


by 1 in. dia.) and extruded to wires of 0.047 in. dia. The conductivity of 
these wires was measured at room temperature and at 100° C. by the 
ordinary potential drop method. From the results indicated in Table 
4, it is evident that up to 100° C., there is no solid solubility of arsenic 
in lead. 


® Parravano and P. de Cesaris: Die Arsen-antimonlegierungen, Intern, Ztsch. f. 
MetaUog, (1912) 2, 70. 

^Heike: Das Erstarrungs-diagramm der Blei-arsenlegierungen und der Schmelz- 
punkt des Arsens. Intern. Ztsch. f. Metallog. (1914) 6, 49.- 
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Table 4. — Conductivity of Lead-arsenic Alloys in Mhos 'per Gram-meter 


As, Per Cent. 

Conductivity at 25® C. | 

Conductivity at 100® C. 

0.0 

0,4157 

0.3237 

0.005 

0.41507 

1 0.32485 

0.01 

0.41512 

0.32295 

0.03 

0.41492 

! 0.32539 

0.05 

0.41495 

i 0.32349 

0.07 

0.41497 

; 0.32345 

0.10 

0.41451 

1 0.32363 

0.2 

0.41102 

i 0.32310 

0.3 

0.41079 

1 0.32304 

0.5 

0.40975 

0.32164 

1.0 

0.41031 

0.32116 

2.15 

0 40788 

0 31768 


The wires were then annealed at 282° C., which is 6° below the 
eutectic temperature, and water-quenched. The tensile strength was 
measured immediately after quench and after aging at various tempera- 
tures. The results are presented in Table 5. 


Table 5. — Tensile Strength of Lead-arsenic Alloys in Kg, per Mm,^ after 
Heat Treatment at 282° C, 


As, Per Cent. 

As Quenched 

Aged at 144® 
C., 1 Hr. 

Aged at 100® 
C., 18 Hr. 

Aged at 60® 
C., 18 Hr. 

Aged at 20® 
C., 25 Days 

0.005 

1.66 

1.39 

1.41 

1.48 


0 01 

1 87 

1.55 

1.67 

1 60 


0 03 

2 10 

1.55 

1.42 

1.83 


0.05 

2 37 

1,60 

1.92 

1 98 


0.07 

2.78 

1.83 

1.87 

1.98 


0.10 

2.46 

1 73 

1.53 

2.08 

2.35 

0.20 

2.64 

1.78 

1.64 

2.09 

2.34 

0.30 

2.64 

1.90 

1.68 

2.00 

2.47 

0.50 

2.56 

1.76 

1.56 

1 92 

2.37 

1.00 

2.85 

2 11 

2.11 

2.34 

2.37 

2.00 

2 69 ; 

1 

2 37 

2.25 

2.55 

2.82 


It will be seen from the table that no regular increase of tensile 
strength takes place upon aging, and it may consequently be assumed, in 
view of the conductivity results at lower temperatures, that there is no 
solid solubility of arsenic in lead even at 280° C. Aging at elevated 
temperatures softens the alloys, probably due to agglomeration of 
the arsenic. 


Conclusion 

The effect of arsenic on dispersion-hardenable lead-antimony alloys 
can now be explained in the light of these experiments. The arsenic 
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has no solid solubility in lead and is known to form a continuous series 
of solid solutions with antimony. Therefore, immediately after anneal- 
ing and quenching the antimony is in solid solution in the lead, and there 
is a certain amount of eutectic between the lead-antimony solid solution 
and arsenic. After quenching, the lead-antimony solid solution is super- 
saturated (the same as if arsenic were not present) and minute crystals 
of antimony separate. Since arsenic is soluble in antimony, some of the 
arsenic present will be concentrated in the surface layer of the minute 
antimony particles, which will then possess surface conditions different 
from those of pure antimony particles. The condition of the alloy at 
this stage is analogous to a suspension in a liquid which has been partly 
stabilized by a third constituent. Agglomeration and precipitation will 
occur, but at a much slower rate than if the third constituent were not 
present. Arsenic, therefore, is to be considered as a retardant for the 
agglomeration of minute antimony particles in the lead matrix. The 
length of the stabilization time decreases at elevated temperatures. 
The offered explanation is in agreement with the fact that the increase 
in hardness is practically independent of the percentage of arsenic within 
limits investigated. The addition of a third constituent insoluble in the 
solvent and forming a continuous series of solid solutions with the solute, 
might be of advantage to other kinds of age-hardenable binary alloys. 
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A Metallographic Study of Tungsten Carbide Alloys 

Bt J, L. Gregg* and C. W. KtiTTNER,* Chicago, III. 

(New York Meeting, February, 1929) 

Recently there has been considerable interest in the production 
and use of extra hard alloys composed primarily of tungsten and carbon. 
Dr. Hoyt’s recent paper’^ gives a good description of these alloys and 
describes their performance when used as tools. There are a number of 
these alloys on the market sold under various trade names, and it is the 
purpose of this paper to describe the results of an investigation of the 
structure of five of these alloys by means of microscopic and X-ray 
methods. The samples studied were in the form of small tools or wire- 
drawing dies, which were either purchased or supplied as samples. They 
were in some cases not supplied by the original makers but were furnished 
by the agents in this country, and we wish to call attention to the fact 
that they may not be truly representative of the materials supplied under 
the various trade names. No performance data are given and no infer- 
ence as to the inferiority of one alloy as against any other is made. 

K. Schroter^ recently described methods for polishing alloys of this 
type for microscopic examination and has presented photomicrographs 
of several alloys. However, he did not identify their constituents or 
describe methods for their identification. 

Constituents and Their Identification 

As far back as 1915 attempts were made to utilize tungsten carbides 
commercially, but the great brittleness of these carbides made these 
first attempts unsuccessful. Later, successful dies were made by sinter- 
ing the powdered carbides with small amounts of iron, nickel, or cobalt. 
Due to the high melting points of the tungsten carbides (2600° to 2800° 
C.), it is difficult to melt the carbides without volatilizing almost quanti- 
tatively the added element of the iron group. Inasmuch as the added 
metal does not exceed 20 per cent, and is usually present in much smaller 
amounts, some understanding of the tungsten-carbon equilibrium dia- 

* Metallographic Laboratory, Western Electric Co., Inc. 

1 S. L. Hoyt; Tungsten Carbide — A New Tool Material. Trans, Am. Soc. Steel 
Treating (1928) 14, 695. 

2 K. Schroter: Zur Technik metallographischen Untersuchung sehr barter Metal- 
legierungen. Ztsch. /. Metallkunde (1928) 20, Heft 1, 31. 
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gram is necessary for an interpretation of the structures found in the 
commercial alloys. 

Summarizing the work of various investigators® the following informa- 
tion exists in regard to the tungsten-carbon system: 

1. In the solid state tungsten holds very little or no carbon in solution. 

2. According to more recent investigators, the compound WjC 
mentioned by Ruff does not exist. 

3. The compound W 2 C was first described crystallographically by 
Westgren and Phragm6n, who, however, believed it to be a solid solution 
the composition of which was near that given by the formula W 2 C. 
They found it to be of the hexagonal close packed lattice with the constants 
a - 2.986, c — 4:.172jCfa = 1.578. Later, work by Becker and Holbling 
and by Becker led to the conclusion that this phase is a true compound, 
having the crystal structure of cadmium iodide with the constants a = 
2.99A, c = 4,72A, c/a = 1.573, This compound is readily soluble in a 
cold 1:4 mixture of nitric and hydrofluoric acids (Ruff and Wunsch). 

Becker has found that W 2 C undergoes an allotropic change at 2400° 
C- The structure normal at room temperature is that just described and 
is called q:W 2 C by Becker to distinguish it from normal at high 

temperatures. ffW 2 C gives a typical X-ray pattern and the transforma- 
tion from one form into another is accompanied by a marked metallic noise. 

4. The compound WC has been recognized by most of the investi- 
gators of the tungsten-carbon system. Westgren and Phragm^n found 
it to have a simple hexagonal lattice with the constants a = 2.94A, 
c = 2.86A, c/a = 0.973. Chemically it may be distinguished from WoC 
in that it is soluble in a mixture of HF and HNO3 only when heated. 

5. According to Ruff and Wunsch eutectics are found between W 
and WsC and between W 2 C and WC. The eutectic between W 2 C and 


* H. Moissan: Recherclies sur le tungst^ne. Compt. rend. (1896) 123, 13. 

P. Williams: Sur la preparation et les propri^tfe dhn nouveau carbure de 
tiingst6ne. Compt. rend. (1898) 126, 1722. 

S. Hilpert and M, Omstein: tlLer eine einfache DarsteUung von Molybdan- und 
WoHram-carbiden. Berichte (1913) 46, 1669. 

0. Ruff and R. Wunsch : Arbeiten im Gebeit hoher Temperaturen 111. Wolfram 
und Kohlenstoff. Ztsch. anorg. Chem. (1914) 82, 292. 

A. Hultgren: Metallographic Study of Tungsten Steels, 50. New York, John 
Wiley & Sons. 1920. 

M. R. Andrews: Production and Characteristics of the Carbides of Tungsten. 
Jrd, Phye. Chem, (1923) 27, 270. 

Westgren and Phragm&i: Rontgenanalyse der Systeme Wolfram-Kohlenstoff 
und Molybden-Kohlenstoff. Ztsch. anorg. Chem. (1926) 166, 27. 

K. Becker and R. Holbling: Einige Eigenschaften des Wolframcarbides W 2 C. 
Ztsch. angew. Chem. (1927) 40, 512. 

Franz Skaupy: tJber der Carbide des Wolframs und ihre Anwedung. Ztsch f 
EUktrochemie (1927) 33, 487. 

K Becker: Die Konstitution der Wolframcarbide. Ztsch. f. Blektrochemie 
(1928) 34, 640. 
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WC was found by them to occur at about 3.5 per cent, carbon and to 
have a melting point of about 2580"^ C. 

6. Little information as to possible transformations in the solid state 
exists. According to Guertler the formation of eutectoids best explains 
the structures observed. 

The commercial tungsten-carbide alloys, according to the patent 
literature, are generally prepared by sintering the compacted tungsten 
carbide which has been mixed with a few per cent, of powdered cobalt, 
nickel, or iron. Inasmuch as the alloys are usually not melted and are 
cooled rapidly after heating, it is probable that equilibrium conditions 
are not reached. 

The alloys investigated were as follows: 


Alloy 

Form 

C, 

Per Cent. 

w, 

1 Per Cent. 

Co, 

Per Cent 

! Fe, 

Per Cent. 

Thoran 

Tool 

3 94 

1 

95.85 

0 ! 


Diamonite 

Tool 

3.91 

1 95.65 

0 


Elmarid. . . ... 

Die 

5 9 

83.0 

4.5 

0.4 

Walramite 

Die 





Widia 

Die 

5 68 

87.40 

6.10 

I 


Due 'to the smallness of the samples available, the above results of 
chemical analyses are not of great accuracy. 

In order to determine just what constituents were present in the 
alloys. X-ray spectrograms were taken of each alloy. These spectra 
were obtained with a General Electric X-ray diffraction apparatus^ 
(powder method) using the Ka radiation of molybdenum, the Ks being 
filtered out by means of zirconia sheets. Eastman intensifying screens 
and Agfa films were used with an exposure of from 24 to 48 hr. The 
diffraction patterns obtained are shown in Fig. 1, together with the 
patterns for W 2 C and WC as calculated from the values obtained 
by Westgren and Phragm^n and verified by Becker and Holbling. 
The pattern for Widia was obtained from the powdered alloy and 
those of the other samples by reflection from polished surfaces. 

The patterns indicate quite conclusively that Thoran, Diamonite, 
Elmarid and Walramite consist both of W 2 C and WC, while Widia con- 
sists of WC with no W 2 C or at least not enough to furnish a pattern on 
the film. No constituents other than these carbides are revealed in 
any of the alloys by these diffraction patterns. The relative intensity 
of the W 2 C lines and the WC lines cannot be used as a measure of the 
amounts of these constituents present, because in polishing some of the 
constituents are left in relief and for this reason would diffract more than 

^ W. P. Davey: A New X-ray Diffraction Apparatus. General Electric Review 
(1922) 26, 565. 
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their share of the X-ray beam. The lattice constants were not deter- 
mined with sufficient accuracy to indicate whether or not the tungsten 
carbide lattices had been altered by dissolving other constituents, such 
as cobalt. 

To summarize the results of the study by X-ray diffraction, it is 
indicated that WaC and WC are the chief, if not the only, constituents 
present in these alloys and that h'ttle or no WaC is present in Widia. 
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Fig, 1. — X-RAY DIFFRACTION PATTERNS OF ALLOYS INVESTIGATED. 


Preparation of Specimens for Microscopic Examination 

The samples were first ground on a medium coarse carborundum 
wheel, then with fine carborundum powder or emery flour on a bare metal 
wheel, next on the same bare metal wheel with levigated alumina and 
finally on a felt wheel with levigated alumina. This method of polishing 
takes about 2 hr. for a small sample when starting with the broken 
material. Schroter recommends the use of bort for polishing, but we did 
not find it much more satisfactory than the use of the materials out- 
lined above. 

Micbostrtjcture 

The microstructures of Thoran and Diamonite are shown in Figs. 
2 to 9. The black areas in these unetched alloys, as well as the other 
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alloys investigated, may be due either to porosity or to friable portions 
being inadvertently removed during polishing. For the pictures at 
high magnification, areas as free from holes as possible were selected. As 
these micrographs indicate both alloys consist of what appears to be an 
eutectic or eutectoid surrounded by a network which stands in relief 



Fig. 2. — Thoran, unetchbd. X 100. 

Fig. 3. — Thoran, unbtchbd. X 400. 

Fig. 4. — Thoran, etched with NaOH + K3Fb(CN)6. X 400. 

Fig. 5. — Thoran, etched with HF -1- HNOs. X 750, 

(Reduced to approximately % original size.) 

after polishing. Figs. 4 and 8 indicate that the network is attacked by 
alkaline ferricyanide, while Figs. 5 and 9 indicate that it is unattacked by 
a mixture of nitric and hydrofluoric acids. Work of other investigators® 
has indicated that W 2 C is soluble in a mixture of nitric and hydrofluoric 
acids, while WC is not unless the acids are heated. This would indicate 


® See footnote No. 3. 
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that the network is WC, which hypothesis is substantiated by an X-ray 
study which we will now describe. 

Two samples of Thoran were prepared as for microscopic examina- 
tion; the sample lettered A was given a prolonged etch with alkaline 
ferricyanide, and the sample lettered B was given a deep etch with the 



Fig. 6. — Diamonite, unetcheb, X 100. 

Fig. 7. — Diamonite, ttnetcheb, X 400. 

Fig. 8.— Diamonite, etched with NaOH + K8Fe(CN)6, X 750. 

Fig. 9.— Diamonite, etched with HF -j- HNOs. X 750. 

(Reduced to approximately % original size.) 

mixture of nitric and hydrofluoric acids. The two samples were then placed 
in the same cassette of the General Electric X-ray spectrometer previously 
mentioned and spectra obtained by reflection of the primary beam from 
the etched surfaces. As the spectrograms shown in Fig. 10 indicate, 
both the WC and W 2 C lattices are indicated by sample A, while sample 
B appears to be composed only of WC. A relatively small depth of 
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Fig. 10. — X-EAT patteens by ebplection from etched thoran. 

A etched with NaOH + K3Fe(CN)6. B etched with HF + HNO3. Arrows indicate 
W 2 C Knes present in A and absent in B. 



Fig. 11. — ^Elmarid, unbtched. X 100. 

Fig. 12. — Elmarid, unbtched. X 400. 

Fig. 13. — Elmarid, etched with NaOH + K3Fb(CN)8. X’400. 
Fig. 14.— Elmarid, etched with HF + HNOs. X 750. 
(Reduced to approximately % original size.) 
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etching is sufficient for this experiment because the penetration of the 
X-rays in a metal of high atomic weight is very small. Inasmuch as 
this alloy is composed mostly, if not entirely, of W2C and WC, it is 
evident that the W2C is dissolved by a mixture of nitric and hydrofluoric 
acids, while WC is unattacked, and that WC is darkened by alkaline 



Fig. 15. — Walbamite, tinetched. X 100 
Fig. 16. — Walramitb, ttnetched. X 400. 

Fig. 17.— Walramitb, etched with HF + HNO 3 . X 750 
Fig. is.— Walramitb, etched with NaOH + K3Fe(CN)b. X 2000. 
(Reduced to approximately % original size.) 

ferricyanide while W2C is unattacked. We thus have two very useful 
selective etching reagents for tungsten carbide alloys. 

Both Thoran and Diamonite consist of a network of WC surrounding 
what appears to be an eutectoid or eutectic between W2C and WC. No 
significant difference was observed between the microstructure of the 
two alloys. 
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The microstructure of Elmarid is shown in Rgs. 11 to 14 and Fig. 
22. Its stmcture is somewhat similar to that of Thoran and Diamonite 
in that it consists of what might well be an eutectic surrounded by a 
network. The network, however, appears to consist partly of WsC and 



Fig. 19 — Widia, ttnbtched. X 100. 

Fig. 20. — Widia, ttnbtched. X 400. 

Fig. 21. — Widia, etched with NaOH + K3Fe(CN)8. X 750. 

Fig. 22. — Elmabid, etched with sodium piceate followed by HF + HNOs. 
X 400. 

(Reduced to approximately original size.) 


partly of WC. The WC not in the network is located along crystallo- 
graphic planes in such a manner as to give the appearance of a Wid- 
manstattian structure as shown in Fig. 22. 

The structure of Walramite as shown in Figs. 15 to 18 is similar 
to Elmarid in that there is a heterogeneous network surrounding what 
has the appearance of an eutectic. The structure of the matrix is much 
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finer than that in Elmarid and as may be seen from the unetched samples, 
there does not appear to be as much difference in hardness between the 
network and matrix in Walramite as there is in Elmarid. 

Figs. 19 to 21 are of Widia. As was shown in Fig. 1, Widia contains 
only WC in sufficient quantities to be detected from a powder picture. 
Etching tests also indicate that no WgC is present as the sample was 
wholly unattacked by the mixture of nitric and hydrofluoric acids. The 
structure of the alloy has been very poorly revealed and it is just possible 
to hazard the guess that it consists of fine grains of WC bound together 
with some unknown constituent. 

Summary 

Five different commercial tungsten carbide alloys were investigated 
by means of X-ray diffraction patterns and microscopic examination. 
Both W 2 C and WC were found in four alloys and only WC in the fifth 
alloy. The behavior of two selective etching reagents is described; 
alkaline ferricyanide attacks WC and not W 2 C; a mixture of concen- 
trated nitric and hydrofluoric acids attacks W 2 C and not WC. The 
structure of the alloys containing both W 2 C and WC resembles that of 
an eutectoid surrounded by a network of WC or a complex network, 

. DISCUSSION 

S. L. Hoyt, Schenectady, N. Y. — The authors have given us a very interesting 
paper, describing X-ray analysis and etching methods for identifying the constituents 
of tungsten carbide alloys. I have tested out these same methods and believe that 
what they say is sound. The photographs of Widia indicate that it is a sintered 
material while the rest are undoubtedly cast materials. The sintered material does 
not show the eutectic structure. 

The authors have used aluminum powder for polishing these carbides, and while 
they state that the method is satisfactory, I think that it can be improved upon, and 
in my own work on similar materials I have found that the coarse grinding on the 
carborundum wheel can very satisfactorily be followed by a boron carbide lap, using 
powder of approximately 150 to 200 mesh. Boron carbide is much harder than 
alumina and by proper handling on the lapping disk it can be made to cut down the 
surface fairly rapidly and to produce a reasonably good polish. Its principal feature 
here is that it leaves the surface in good shape for polishing subsequently with 
diamond dust. 

The boron carbide lap can be followed by a fine diamond dust, which produces a 
bright polish in a comparatively short time. This work is done on an ordinary wooden 
lap, using almond oil. Both the boron carbide and diamond dust are so fast and so 
excellent in their behavior that microsections of these materials can be prepared in a 
reasonably short time — I believe in much shorter time than is given by the authors. 

We have taken photographs of these materials at 1000 dia., some of them at 5000 
dia., and judging from the photographs I believe the technique which I have described 
is entirely satisfactory. 1 



Grain Growth in Metals Caused by Diffusion 

Discussion of paper by Floyd C. Kelley {Proc. Inst, of Met. Div., 1928, page 390.) 

A. Hultgken, Soderfors, Sweden (written discussion*). — From the results 
obtained m his own experiments as well as those of Austin and of Grube Mr. Kelley 
derives a general law, expressed tentatively in the following words: ^‘whenever two 
metals are brought into intimate contact at a temperature at which diffusion takes 
place, a comparatively rapid, or abnormal, gram growth results.” 

It is suggested that, in order adequately to represent the facts, this definition 
should be restricted by the following qualifications: a and 6 are the two metals, 6 
diffusing into a. 

A. At the temperature in question a should exist as phase ai having a limited 
solubility for h. 

B. The supply of 6 by diffusion should be sufficient, in view of the rate of diffusion 
into ai, to increase the concentration of 6 above the saturation value in ai so as to 
cause a new phase to form. 

C. The phase should have a range of solubihty for 6, thus rendering continued 
diffusion possible. 

Z). In order that the columnar grains may be preserved in the structure the phase 
02 should, of course, no^ suffer transformation on cooling. 

The phenomenon thus defined may be described as progressive transformation by 
diffusion. Its mechanism would appear to be as follows : 

Fig. 17 shows a portion of the equilibrium diagram o-6. Fig. 18 the distribution of b 
in solution after various periods of diffusion. Fig. 19 represents the structure in cross- 
section of a cylindrical rod of a at the end of heating period 3. 

1. The first effect of diffusion of h into a will be to establish a concentration 
gradient in phase ai (1, Fig, 18). When the saturation value for the temperature of 
the experiment (m, Fig. 17) is reached at the surface, nuclei of a 2 of composition n will 
form here, and later develop into a continuous layer. Assuming that diffusion pro- 
ceeds without irregularities and that transformation at any point sets in without 
lag — i, e.j m the moment saturation is exceeded — ^the transformation ara 2 will advance 
inwards on a cylindrical surface concentric with the surface of the rod. The dis- 
continuity of composition at the transformation surface m the position it happens 
to have at the end of the treatment (3, Fig. 18) will be preserved at room temperature, 
if the cooling is not particularly slow, and be recorded in the structure as a marked, 
smooth line, in agreement with Grube's and the author's observations. The shape of 
the distribution curves in Fig. 18 is also corroborated by the analyses given by Grube. 

2. During diffusion, since the secondary phase a 2 is always in immediate contact 
with the saturated part of the primary phase ai, there should be very little lag in the 
transformation. This means that the first az grains formed should grow in preference 
to the formation of independent nuclei; in other words, columnar growth results. It 
does not seem necessary to assume, with Green, ^ whose conception of the phenomenon 

* This discussion was written in April, 1928, but was lost in transit. The second 
copy reached the Institute too late for inclusion in the 1928 volume. 

^ Discussion of Austin's paper: Hydrogen Decarburisation of Carbon Steels with 
Consideration of Related Phenomena. Jnl, Iron and Steel Inst. (1922) 106, 147. 
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otherwise is ver>’ similar to the writer’s, that particles of ao formed m transformation 
are immediately absorbed by the previously formed grains. In that case recrystalliza- 
tion would be involved. 

3. Diffusion velocity may be a funotion of crystallographic direction. If it be 
assumed that the first nuclei of ^2 have a random orientation of their cr 3 ’stal axes, 
it would follow that grains having a direction of fast diffusion coinciding with the 
direction of the steepest concentration gradient, i, e., with the radial direction, would 
grow faster than their neighbor grains and have an opportunity of spreading at the 
front, so as to inclose the latter grains and stop their growth. 

4. Rate of transformation, regardless of diffusion and concentration gradient, 
may be a function of crystallographic direction in the a 2 grains. Assuming a certain 



lag, this would also result in the favored grains growing faster than the others. For 
either of the reasons mentioned in paragraphs 3 and 4, the columnar grains would 
become fewer and broader as they grow inwards. Whatever the reason, this feature 
is very clearly brought out in the author’s Figs. 1 and 2. The columnar structure as 
such, however, ^ no proof of vectorial properties in the a 2 crystal grain, but simply a 
consequence of the fact that the direction of fastest diffusion is perpendicular to the 
surface, in combination with the absence of independent nuclei. 

5. If a contains a third element c that forms solid solutions with ai and a 2 , the con- 
centration of c in the two phases would be different; say, higher in ai. Thus the 
transformation would be retarded by accumulation of c in ai in a zone ahead of the 
ai-ai surface, and, furthermore, independent nuclei of 02 might form at the* front of 
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that ^one. Therefore purity would be expected to favor progressive transformation 
by diffusion. 

6. On cooling after the diffusion experiment, if the equilibrium diagram is of the 
type shown in Fig. 17, the transformation will first advance gradually to points of 
lower concentration, the whole mass finally being converted into a^. The columnar 
growth will probably continue during the first part of the cooling, owing to the con- 
centration gradient, to a depth dependent on the rate of cooling. This explains why 
most of the columnar grains extend across the line of discontinuity. 

7. Mr. Kelley reports that some of those grains show no discontinuity after 
etching. This is probably due to their being sectioned in a crystal plane of equal 
attack by the etching reagent in the portions of high and low concentration, perhaps 
a plane of a certain indifference against etching (see the author’s Figs. 3, 4 and 8). 

8. In the systems iron with chromium, tungsten, molybdenum, aluminum, silicon 
and tin — all probably of the type shown in Fig. 20 — diffusion at a temperature between 
A A and Az will cause columnar growth of a (5) iron as a result of progressive transfor- 
mation from 7 iron. The experiments of Grube and of the author verify this con- 
clusion. If the temperature of diffusion (i. Fig. 20) is in the upper range, subsequent 
cooling will cause the transformation surface y-^a (5) first to retreat to a position of 
higher concentration and then to advance again following the loop 
in the diagram. If the cooling is not too rapid a record of the 
retreat may be left in the form of a second line of discontinuity 
in the structure. Fluctuation of temperature during treatment 
might have a similar effect (see Mr. Kelley’s Fig. 8). 

9. If, in a system of the type mentioned in paragraph 8, diffusion 
takes place above ^^4 or below Az (Fig. 20), it is not accompanied 
by transformation or columnar growth. In the former case, 
however, columnar grains might form in cooling, owing to the con- 
centration gradient established, in a limited zone that passes the 
double transformation 8-*y—^a. 

10. Both nickel, manganese and carbon raise ^44 and lower Az 
in iron. Diffusion of those elements into iron at temperatures between A 4 and Az 
cannot therefore cause the y iron to transform into a iron. In the case of nickel diffus- 
ing into y iron columnar growth is entirely excluded since those two metals form a 
continuous series of solid solution. 

11. Such' is not the case with manganese and y iron, however. Therefore, as 
shown in the author’s Fig. 7, a new phase may form on diffusion at the surface of the 
iron. The large crystals shown may coi^ist of deposited manganese or a high- 
manganese constituent formed by reaction between iron and manganese vapor or 
perhaps molten manganese. The serrated outer contour appears to indicate 
outward growth. 

12. The system iron-carbon is peculiar. When carbon diffuses into iron a second 
phase, cementite, may appear. To the writer’s knowledge columnar grains of cemen- 
tite formed by carburization of iron have not been observed, probably because condi- 
tions 3 and usually 2 are not fulfilled. If S iron, between the peritectic and A 4, or a 
iron between Az and Ai, is carburized, the secondary phase y iron is formed, only to 
be transformed during cooling, thus condition 4 is not satisfied. 

13. By removal of carbon, however, by diffusion, between Az and Ai, from aus- 
tenite, or y iron with carbon in solution, columnar growth of a iron through progres- 
sive transformation may be observed, as shown in the decarburization experiments by 
Austin and by the author and undoubtedly noticed many times in metaUographic 
laboratories where the structure of steel annealed under decarburizing conditions has 
been injected. Incidentally, the solubility of carbon, or possibly carbonaceous gases, 
in a iron is thereby proved. Columnar crystallization of a iron by decarburization 
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of steel is exactly the same general phenomenon as the one defined by conditions 1 to 4, 
and in order to be covered by those conditions, it is only required to alter the wording 
into terms of removal by diffusion and decrease in concentration. 

14. Analogous cases of columnar growth of a or 5 iron by decarburization of 
austenite have been noticed by Railing* in 14 per cent, chromium steel (about 1000® C.) 
and by the writer in high-speed steel (about 1300® C.). Such observations are of 
interest in showing that purity, or freedom from a third element, dissolved in the 
primary phase, is not essential in columnar growth as a result of progressive transfor- 
mation by diffusion. 

15. Stead and Carpenter* observed coarse columnar crystallization in strips of 
electrolytic iron that had been heated somewhere above ALa. It was demonstrated 
that the experiment was successful only if the iron was pure and the strip not too thick. 
This may be explained by assuming that, owing to the thinness of the strip, a suitable 
temperaiwre gradient was established and existed during the Ar^ transformation. The 
latter was, of course, brought about by cooling; i. e., by diffusion of heat in the direction 
of the gradient. Thus, here is also an instance of columnar growth as a result of 
transformation by diffusion, only the latter term being taken in a wider sense. Trans- 
formation in this case was, of course, rapid, and impurities, if such had been present, 
would therefore probably have retarded it sufficiently to enable independent nuclei 
of a iron to form. 

16. A reference to the columnar growth of crystals in ingots may not be put of 
place. Although this phenomenon presents certain peculiar features, the general 
principles of tranrformation by diffusion (of heat) through a moving gradient (of 
temperature) apply here also. 

* B. Railin g and G. Pagels: Microstructure and Properties of High-chrome Steel. 
Jemkofd, Ann, (1926) 81 , 209. 

* J. E. Stead and H. C. H. Carpenter: Crystallising Properties of Electro-deposited 
Iron. Jnl, Iron and Steel Inst. (1913) 88, 119. 



INDEX 


(Note: In this index the name of authors of papers and discussions and of men referred to are 
printed in small capitals, and the titles of papers in italics.) 


A 

Absorbability of Oases in Casting Copper and 
Effect of Adding Cuprosihcon (Ellis) 
443; Discussion, 468 
Acid-resistant alloys, 149, 160, 248 
Ackerman, D E : Discussions: on Resistance of 
Copper-rich Copper-silicon-manganese 
Alloys to Corrosion by Adds, 171 
on Resistance of Iron-nichel-chromium Alloys 
to Corrosion by Adds, 279 
Ackerman, D. E. and Pilling, N. B.: Resistance 
of Iron-nickel-chromium Alloys to 
Corrosion by Acids, 248 

Aircraft: casting alloys, aluminum and mag- 
nesium, stability, 333 

Alclad 17ST, diffusion of core and coating, 555 
Alloys, acid-resistant, 149, 160, 248 
Aluminum: Corrosion. See Corrosion of Metals, 
diffusion of pure aluminum and alloy, 555 
films, stripping from surface, 13 
Aluminum alloys: stability of casting alloys, 333 
Aluminum-magnesium alloys: equihbrium 

relations in alloys of high purity, 351 
review of work on constitution of system, 351 
A. I, M. E.: Divisions: Institute of Metals, 
officers and committees, 5 
officers and directors, 5 

Anderson, E. A.: Discussion on Stability of 
Aluminum and Magnesium Casting 
Alloys, 350 

Anderson, E. A. and Peirce, W. M : Some 
Practical Aspects of Creep in Zinc, 560 
Archer, R. S.: Discussion on Stability of Alumi- 
num and Magnesium Casting Alloys, 

347 

Arsenic: effect on dispersion-hardenable lead- 
antimony alloys, 573 

B 

Bbdworth, H. A.: Resistance of Copper-rich 
Copper-silicon-manganese Alloys to 
Corrosion by Acids, 160; Discussion, 

174 

Bbngough, G. D., Stuart, J. M. and Lee, 

A. R.: Quantitatite Measurement of 
Corrosion of Metals in Water and Salt 
Solutions, 29 

BoECK, J. W,: Discussion on Incipient Shrinkage 
in Some Non-ferrous Alloys, 492 

595 


Bolton, J. W.: Discussion on Incipient Shrinkage 
in Some Non-ferrous Alloys, 495 
Bolton, J. W and Weigand, S A.: Incipient 
Shrinkage in Some Non-ferrous Alloys, 
475 

Brass (See also Copper-zinc Alloys) : 

etching and smoothing, by hand methods, 
295 

high-strength, bibliography, 528 
causes, 508 
properties, 508 

nickel-silicon: heat treatment effect on 
mechanical properties, 536 
sheet* fatigue endurance and related proper- 
ties, 549 

strengthemng, effect of tin, 510, 531 
effect of various elements, 608, 515 
60: 40 (See Muntz Metal). 

Brass scrap: testing before buying, 492 
Britannia metal; bibliography, 379 
differs from pewter, 373 
physical properties, effect of cold rolling and 
heat treatment, 373 
Bronze (See also Copper-zinc Alloys) : 

etching and smoothing, by hand methods, 
295 

phosphor: heat treatment effect on mechan- 
ical prop^ies, 546 
Bronze castings: porosity, causes, 479 
shrinkage, incipient, 475 

C 

Cafillon, E. A.: Discussion on High-strength 
Cold Alloys for Jewelry, 406 
Carter, F. E.: Discussions: on High-strength 
Gold Alloys for J ewelry, 406 
on Effect of Cold Rolling and Heat Treatment 
on Physical Properties of Britannia 
Metal, 383 

Casting copper: absorbabihty of gases and effect 
of adding cuprosilicon, 443 
gases in overpoled, fire-refined sample, 470 
Churchill, H. V.: Inhibition of Corrosion of 
Aluminum by Soaps, 244 
Clark, F. H.: Discussions: on Diffusion of Zinc 
into Copper, 556 
on High-strength Brasses, 533 
on Smoothing and Etching Cupronickel, 
Bronze, Brass and Sted, 308 
on Some Observations in Heat Treatment of 
Muntz Meted, 507 



S96 


INDEX 


Cold rollios: effect on physical properties of 
Britannia metal, 373 

ConstUutien cf Vu Copper-tUiccn Sv^em (Smith) 
414; DUtuMfiont 440 

Copper: casting, abec^bability of gases and effect 
of adding cuproeilicon, 443 
diffusion of «nc int<^, rate and temparature, 
552 

jSIms, stripping from surface, 13 
overpoled, fire-r^Sned, gases in, 470 
Copper allo 3 FB (<Se« oZio Brimse and Brass): 

d»K>ersion hardening, cause and effect, 409 
Copper auride, evidence of existence, 405 
CoppensUieon alloys: anode used at Chuquiesr 
mata, 440 
constitution, 414 
equilibrium diagrams, 414 
Copper-silioon-manganese alloys: acid-resistant, 
150 

oorrosion. See Corrosion of Metals. 
Copper4in alloys: heat treatment effect on 
mechanical properties of those con- 
taining niek^ and silicon, 535 
Copper-sine alloys: heat treatment effect on 
medhaaical properties of those con- 
taining nickel and silicon, 535 
CerrdoHon ef Laborctory Corroeion Teste vnik 
Senice: Weatkar-^posure Tests of 
Sheet I>vralumin. (Rawoon) 220; 
Discussiont 241 

Conroeiorhfatigue: constant-damage graphs and 
surfaces, 55 

eorrofisonr-etrees relation to fatigue limit, 56 
de&dtaOQ, 55 

effect of pitting vs. that of absorbed hydro- 
geas, 47 

eedursnee limit, definition, 56 
prioroorrosion fatigue, definition, 56 
strees-tiiae-cyde rdations, 56 
Oorrosimx of metals: acid-resistant idloys, 149, 
150,248 

aiuminam, inhibi^ng effect of soap, 244 
as aSeoied by stressy time, and number of 
eyetos, 56 

eopper-saKeon-manganese alloys, acid-rcaiat- 
ant, 160 

Corrosion-lattgise. See Corrosion-fatigue, 
dnralntmm: aatiire ol structural change, 221 
weatitecHBXpoeare tests, 220 
effect of p€wsivity, 7 

effect on human body wlten taken in food, 181 
effect on milk, 217 

in water and salt solutions, quantitative 
measurements, 29 
iron: relation of passivity, 7 
rust, causes, 26 
definition, 21 

^eet on further corrosion, 27 
prevention, 26 

iroa-niekdNArommum idloyB, resistance to 
adds, 248 

laboratory tests, value, 220 
messurement by weight kiss insufiStdent, 288 
milk as cmresive medram, 177 
mond metal, resistanee in miilB, 175 


Corroeion of metals: nickel, resistance m milk, 
175 

periodicity of solution, 279 

“pilot” tests, 220 

protective films, 7, 238, 242 

steel, relation of passivity, 7, 23 

testing methods contrasted, 171, 175, 242 

tin alloys, 140 

tin and its alloys, 111 

tin, corn or can black, 133, 147 

tin pest, 114 

tin plate by food products, 132 
weathering tests, duralumin, 220 
weathering tests in Lehigh Valley, Pa , 280 
weathering tests in various parts of United 
States, 287 

sine, in water and salt solutions, quantitative 
measurement, 33 

Corrosion of Metals as Affected by Stress^ Time, 
and Number of Cycles (McAdam) 56; 
Discussiout 53 

Corrosion of Metals in the Lehigh Valley (Rein- 
habd) 280; Discussion^ 288 
Corrosion of Tin and Its Alloys (Mantell) 111; 
Discussion^ 146 

Corrosion-stress. See Corrosion-fatigue. 

CoBSON, M. G.: copper-silicon diagram, 416, 437, 
439, 440 

Discussions: on Constitution of the Copper- 
silicon System^ 440 

on Equilibrium Relations in Aluminum- 
magnesium Alloys of High Purity ^ 366 
on Incipient Shrinkage in Some Non- 
ferrous Alloys, 493 
on Righ-strength Brasses, 532 
Cupronickel: etching and smoothing by hand 
methods, 291 

CuprosUicon: effect of adding to casting copper, 
443 

D 

Dalbbt, C. E. : Discussion on Incipient Shrinkage 
in Some Non-ferrous Alloys, 492 
Dalzell, R. C.: Discussion on Gases in a Sample 
of Overpoled Fire-refined Copper, 474 
Dean, R. S.: Discussion on Absorbability of Oases 
in Casting Copper, 468 
Diamonite, metallographic study, 583 
DifiTusion of metals: aluminum alloy into pure 
aluminum, 555 
effect on grain growth, 591 
steps in process, 558 
sine into copi>er, 552 

Diffusion of Zinc into Copper (Hoyt) 552; 
Discussion, 555 

Dispersion Hardening in Copper-base and Silver- 
base AUoys (GbE€ 1 g) 409 

Di^^erdon hardening: in copper and silver 
alloys, 409 

in nickd-silicon brass and bronze, 547 
Dec, E, H. Jb.: Discussion on Correlation of 
Laboratory Corrosion Tests with Serv- 
iee: Weather-exposure Tests of Sheet 
Duralumin^ 241 



INDEX 


597 


Dix, E. H. Jr and Keller, F.: Eguthbrtum 
Relations in Aluminum-magnesium 
Alloys of High Purity^ 351, Discussiont 
369 

Duralumin; corrosion. See Corrosion of Metals, 
weather exposure tests, 220 

E 

Effect of Arsenic on Dispersion-hardendble Lead- 
antimony Alloys (Sbljesater) 573 

Effect of Cold Rolling and Heat Treatment on 
Physical Properties of Britannia Metal 
(Bgeberg and Smith) Z7Z;Di8cus8iont 
380 

Egebebg, B.: Discussion on Effect on Cold 
Rolling and Heat Treatment on 
Physical Properties of Britannia Metals 
382, 383 

Egebebg, B. and Smith, H. B.; Effect of Cold 
Rolling and Heat Treatment on 
Physical Properties of Britannia MetaU 
373; Discussion^ 38*3 

Eldbidge, C. H.: Discussion on Constitution of 
the Copper-silicon Systemt 440 

Ellis, 0 W.: Absorbability of Oases in Casing 
Copper and Effect of Adding Cupro- 
silicont 443; Discussion^ 468, 469 
Gases in a Sample of Overpoled Fire-refined 
Copper, 470; Discussion, 474 
High-strength Brasses, 508; Discussion, 533 
Discussions: on Diffusion of Zinc into Copper, 
556 

on Effect of Cold Rolling and Heat 
Treatment on Physical Properties of 
Britannia Metal, 380 
on High-strength Gold Alloys for Jewelry, 
405 

Ellis, W. C. and Schumacher, E. E.: Heat 
Treatment and Mechanical Properties 
of Some Copper-zinc and Copper-iin 
Alloys Containing Nichd and Silicon, 
535, Discussion, 550 

Elmarid, metallographic study, 583 

Equilibrium Rdations in Aluminumrmagnesium 
Alloys of High Purity (Dnc and 
Keller) 351; Discussion, 366 

Etching cupronickel, bronze, brass and steel, 
by hand methods, 291 

Etching reagent* chloric acid, limitations, 303 
chromic acid, advantages for nickel and 
copper alloys, 291 
for gold and silver alloys, 403, 405 

Evans, XJ. R. : Passirtii/ of Metals, and Its Rdation 
to Problems of Corrosion, 7 
Discussions: on Corrosion of T%n and Its 
Alloys, 146 

on Resistance of Iron-nickd-chromium 
Alloys to Corrosion by Acids, 278 
photograph, 6 

F 

Fawcett, L, H.: Discussion on High-strength 
Brasses, 532 

Field, B^ B.; Some New Developments in Acid- 
resistant Alloys, 149; Discussion, 159 


Films, stripping from metalhc surfaces, 12 
Fink, C G.: Discussions: on Practical Applicaiion 
of Corrosion Tests. Resistance of 
Nickel and Monel Metal to Corrosion 
by Milk, 219 

on Resistance of Copper-rich Copper-silicon 
manganese Alloys to Corrosion by 
Acids, 173, 174 

Finkeldet, W. H : Discussion on Corrosion of 
Metals in the Lehigh Valley, 289 
Fraser, O. B. J., Discussion on Practical Applica- 
tion of Corrosion Tests: Resistance of 
Nickel and Monel Metal to Corrosion 
by Milk, 219 

Fraser, 0. B. J., McKay, R J. and Searlb, 
H. E. : Practical Application of 
Corrosion Tests: Resistance of Nickel 
and Monel Metal to Corrosion by 
Milk, 175 

Fuller, T. S.: Some Aspects of Corrosion-fatigue, 
47, Discussion, 55 

Discussion on Heat Treatment and Mechanical 
Properties of Some Copper-zinc and 
Copper-tin Alloys, 549 

G 

Gann, J. A.: Treatment and Structure of Magne- 
sium Alloys, 309 

Discussion on Stability of Aluminum and 
Magnesium Casting AUoys, 350 
Gases in a Sample of Overpoled Fire-refined 
Copper (Ellis) 470; Discusston, 474 
Gold alloys: age-haxdemng phenomena, 384 
copper auride, evidence of existence, 405 
etching reagent, 403, 405 
high*«trength, for jewdry, requirements and 
propwties, 384 

Gold-copper alloys: evidence of existence of 
Au Cu, 405 

Graham, W. F.: Discussion on Incipient Shrinkage 
in Some Non-ferrous Alloys, 4.91 
Gram Growth in Metals Caused by Diffusion 
(Kelley). Discussion, 591 
Gregg, J. L,: Dispersion Hardening in Copper- 
base and Silver-base Alloys, 409 
Gregg, J, L. and KOttner, C. W.; Metallo- 
graphic Study of Tungsten Carbide 
Alloys, 581 

H 

Hanson, D. and Gatlee, M. L. V.; diagram of 
Al-Mg alloys, 353 

Hardening. See Dispersion Hardening. 
Hardness: Brindl and sderoscope results con- 
trasted, 375, 381 

Heat Treatment and Mechanical Properties of 
Some Copper-zinc and Copper-tin 
Alloys Containing Nickd and Silicon 
(Ellis and Schumacher) 535; Discus- 
sion, 549 

Heat treatment; Britannia metal, effect on 
physical properties, 373 



598 


INDEX 


He»t tre&tment: copper alloys, effect on mechan- 
ical properties, 535 

magnesium alloys, binary, effect on structure 
and properties, 309 

Munts metal, effect on cleavage structure, 
498 

preeious'metal alloys, effect on, 406 
Ht0k‘*trmgik Brakes (Ellis) 508; Discussion, 530 
Htffk-strengik Gold Alloys for Jewelry and Ago- 
hardening Phenomena in Gold Alloys 
(WisBj 384; Discussion, 403 
Hxppbbbtbsi:., C. L.: Discussion on Corrosion of 
Udals in the Lehigh VaUey, 289 
Hott, S. L.: Diffusion of Zinc into Copper, 
552; Discussion, 557, 558 
Discussions: on AbsorhahtHty of Gases in 
Casting Copper, 468 

on' MetoBographie Study of Tungsten 
Carbide Alloys, 590 

Hxtltgkbk, a.: Discussion on Grain Growth in 
Metals Caused by Diffusion, 591 

I 

Zncipient Shrinkage in Some Non-ferrous Alloys 
(Bolton and Wbigand) 476; Dis- 
cussion, 491 

Inhibition of Corrosion of Aluminum by Soaps 
(Chobckzll) 244; Discussion, 247 
Institaie of Motals Dirision, officers and com- 
mittees, 5 

Iron: eorroejoiL See Corrosion oi Metals. 

Skarn, protective, 7 

ffiims, stripping from surface, 12, 13 

peosivity, oatnee, 7, 14 

mst. See Corroeum of Metals. 

temper coiors, 7 

IroiMikfcet-oiuoixiium alleys: add resistance, 248 
corrodon. See Corrosion of Metals. 

J 

JamuBB, Z: Diseussiou on Diffusion of Zinc 
«Mj» Copper, 556 

Jew s fay : goldl aBeys, higb-str^sgth, requirements 
and prcfterties, 384 

Johaaon ebetse Imaat in soft metafa, 565 

K 

Kbblbt, B. JF.: Diseusaiom on Ineipieni Shrinkage 
in Some Neurferrous Alloys, 495 
Kbllbb, F.: Discussions: on Diffusion of Zinc 
into Copper, 555 

on EguUibnum RdoMons in Alummumn 
magnesium Alleys of High Purity, 369 
Ksllbb, F. and Bjx, B, H. Jb.: EquBibriun 
BdaHons »a Alwninumriuagitesium 
AUoys of High Purity, 351 ; Disciwsion, 
369 

KOttnbr, C. W. and Gbboo, J. I*.: UetaUo- 
graphic Study of Tungsten Carbide 
Alloys, 581 

L 

Lbacb, B. H.; Discussion on Bigh-sbrenglk Odd 
Alloys for Jewelry, 408 
Lead, films, stripping from surface, 12 


Lead-antimony alloys: dispersion-hardenable, 
effect of arsenic, 573 

Leb, a, R., Stuabt, j. M. and Bbngodgh, G D.: 

Quantitative Measurement of Corrosion 
of Metals in Water and Salt Solutions, 
29 

Lincoln, E. S : Discussion on Corrosion of Tin 
and Its AUoys, 147 

Lton, a, j : Stability of Aluminum and Magne- 
sium Casting Alloys, 333; Discussion, 
349 

M 

Magnesium alloys: binary, heat treatment effect 
on structure and properties, 309 
stability of casting alloys, 333 
Mantbll, C. L.: Corrosion of Tin and Its Alloys, 
111; Discussion, 146, 148 
Matutama, K.: copper-silicon diagram, 418 
McAdam, D. j., Jb.: Corrosion of Metals as 
Affected by Stress, Time, and Number 
of Cydes, 56; Discussion, 54 
Discussions: on Diffusion of Zinc into Copper, 
656 

on Some Aspects of Corrosion-fatigue, 53 
McKat, B. j., Fbasbr, O. B. J. and Seablb, 
H. E.: Practical Application of Cor- 
rosion Tests: Resistance of Nickel and 
Monel Metal to Corrosion by Milk, 175 
McKjnnbt, P. E.: Discussion on High-strength 
Brasses, 530 

Mbeioa, P. D , Waltbnbbrg, R. G. and 
Pebbman, j. R.: diagram of alumi- 
num end of Al-Mg system, 352 
MetalXographic Study of Tungsten Carbide Alloys 
(Gbbgg and KOttnbr) 581 
Milk: affected by corrosion of containers, 217 
flavor affected by metal containers, 212 
Monel metal: corrosion. See Corrosion of 
Metals. 

Moobb, H. F.: Discussion on Some Aspects of 
Corrosion-fatigue, 53 
Muntz metal {See also 60:40 Brass) : 

beat-treated, cleavage structure, 498, 505 
grain growth, abnormal, 503, 505 

N 

Nickd: corrosion. See Corrosion of Metals 
Nickel alloys, acid-resistant, 149 

P 

P^ladium-copi>er alloys: age-hardening mechan- 
ism, 399 

Fassiv&y of Metals, and Its Relation to Problems 
of Corrosion (Evans) 7 

PxiBCB, W. M.: Discussion on Diffusion of Zinc 
into Copper, 558 

Pkcbc®, W. M. and Andbbso'N, E. A.: Some 
Practical Aspects of Creep in Zinc, 560 
Pem^lvania: Lehigh Valley, corrosion of metals, 
280 

Pewtec; differs from Britannia metal, 373 



INDEX 


599 


Phillips, A. J : Discussion on Some Ohsertaiions 
in Heat Treatment of Muntz Metals 505 
Pilling, N. B.: Discussions: on Corrosion of 
. Metals in the Lehigh Valley^ 288 
on Resistance of Iron-nickdrchromium Alloys 
to Corrosion hy Acids^ 279 
on Some New Developments in Acid-resistant 
Alloys, 158 

Pilling, N. B. and Ackbbman, D. E.: Resistance 
of Iron-mickel-chromium Alloys to 
Corrosion hy Acids, 248 

Platinum-copper alloys: age-hardening mechan- 
ism, 399 

Porosity: in bronze castings, causes, 479 
Practical Application of Corrosion Tests: Resistance 
of Nickd and Monel Metal to Cor- 
rosion hy Milk (McKat, Fraser and 
Searle) 175; Discussion, 219 
Precious metals (See also Names of Metals): 

alloys, age-hardening mechanism, 399 
alloys, effect of heat treatment, 406 
PuLSiFER, H. B.: Smoothing and Etching Cupro- 
nickel, Bronze, Brass and Steel, 291; 
Discussion, 308 

Q 

Quantitative Measurement of Corrosion of Metals in 
Water and Salt Solutions (Bengough, 
Stuart and Lee) 29 

R 

Rawdon, H S.: Correlation of Laboratory Cor- 
rosion Tests with Service'. Weather- 
exposure Tests of Sheet Duralumin, 
220; Discussion, 243 

Rbinhard, C. E.: Corrosion of Metals in the 
Lehigh Valley, 280; Discussion, 290 
Resistance of Copper-rich Copper-silicon-manga- 
nese Alloys to Corrosion hy Acids 
(Bed-worth) 160; Discussion, 171 
Resistance of Iron-nickd-chromium Alloys to 
Corrosion hy Acids (Pilling and 
Ackerman) 248; Discussion, 278 
Rxtdolfi, E.: copper-silicon diagram, 414, 437, 
439 

S 

St, John, H. M.: Discussion on Incipient Shrink- 
age in Some Non-ferrous Alloys, 491, 
494 

Sanpourche, M a.: copper-silicon diagram, 415, 
437, 438, 439 

Schumacher, E. E. and Ellis, W. C.: Heat 
Treatment and Mechanical Properties 
of Some Copper-zinc and Copper-tin 
Alloys Containing Nickd and Silicon, 
535; Discussion, 550 
Scrap metal: testing before buying, 492 
Searle, H. E„ Fraser, 0. B. J. and McKat, 
R. J.: Practical Application of Cor- 
rosion Tests: Resistance of Nickd and 
Mond Metal to Corrosion hy MUk, 175 


Sbljesater, K. S.; Effect of Arsenic on Dis- 
. persion-hardenahU Lead-antimony 
Alleys, 573 

Shrinkage, incipient i in bronze castings, 475 
in some non-ferrous alloys, 475 
Sieverts, A.: law of solubility of gas in metal, 443, 
445 

Silver alloys: age-hardening mechanism, 399 
dispersion hardening, cause and effect, 411 
etching reagent, 403, 405 
Smith, C. S : Constitution of the Copper-silicon 
System, 414; Discussion, 441 
Discussions: on Equilibrium Relations in 
Aluminum-magnesium Alloys of High 
Purity, 368 

on Heat Treatment and Mechanical 
Properties of Some Copper-zinc and 
Copper-tin Alloys, 550 
on High-strength Gold Alloys for Jewelry, 
405 

on Resistance of Copper-rich Copper- 
silicon-manganese AUoys to Corrosion 
hy Adds, 174 

Smith, H. B. and Bgbbbrg, B.; Effect of Cold 
Rolling and Heat Treatment on Phys- 
ical Properties of Britannia Mdal, 
373; Discussion, 383 

Smith, W. S.:‘Z>isct«st07i on Corrosion of Tin and 
Its AUoyB, 146 

Smoothing and Etching Cuproniekd, Bronze, 
Brass and Sted (Pulsipbr) 291; 
Discussion, 308 

Smoothing and etching cupronickel, bronze, 
brass and sted, by hand methods, 291 
Some Aspects of Corrosion-fatigue (Fuller) 47; 
Discussion, 53 

Some New Devdopments in Acidrresistant AUoys 
(Field) 14^; Discussion, 158 
Some Observations in Heat Treatment of Muntz 
Metal (van Wert) 498; Discussion, 
605 

Some Practical Aspects of Creep in Zinc (Peirce 
AND Anderson) 560 

Speller, F. N.: Discussions: on Inhihvtion of 
Corrosion of Aluminum hy Soaps, 247 
on Some Aspects of Corrosion-fatigue and on 
Corrosion of Metals as Affected hy 
Stress, Time, and Number of Cydes, 63 
Spring, L. W. : Discussion on Incipient Shrinkage 
in Some Non-ferrous Alloys, 492 
Stability of Aluminum and Magnesium Casting 
Alloys (Lton) 333; Discussion, 347 
Sted: corrosion. See Corrosion of Metals. 

etching and smoothing by hand methods, 300 
Stuart, J. M., Bbngough, G. D. and Lee, A. R.: 

Quantitative Measurement of Corrosion 
of Metals in Water and Salt Solutions, 
29 

T 

Thoran, metallographic study, 583 
Tin: chemical properties, 113 

corrosion. See Corrosion of Metals, 
forms and various characteristics, 111 



600 


INDEX 


Tow>mKKX>, J. R.: on Heat Treaimeni 

and Meckanieal Properties of Some 
Copper-zine aiuf Copper-tin Alloys^ 549 

Trtaimemt and Sirwivre of Magnesium Alloys 
(Ganw) 309 

TuncBten carbide alloys. xttetaUosrapnic study, 
581 

V 

▼AH W*BT, L. R : Some Observations in Heat 
Treatment of Muniz Meted, 498 

W 

Walramite, meiallograpbie etudy, 5S3 

WsXQAXO, S. A. Aifi) Boltoh, J. W.: Incipient 
Shrinkage in Some Non-ferrous Alloys, 
475 


Widia, metallographic study, 583 
Wise, E. M.: High-strength Gold Alloys for 
Jewelry and Age-hardening Phenomena 
in Gold Alloys, 384; Discussion, 403 
et seq. 

WiTHEBBtL, C. S.: Discussion on Effect of Cold 
Rolling and Heat Treatment on Physical 
Properties of Britannia Metal, 381 
Weight, T. A.: Discussion on High-strength Gold 
Alloys for Jew^ry, 403 

Zinc: eorrosion. See Corrosion of Metals. 

diffusion into copper, rate and temperature, 
552 

roof sections, creep tests, 560 

roof sections, laboratory loading tests, 560 

safe maximum fiber stress, 565 






